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Healthcare associated infections (HAIs) are common in hospitals around the 
world, where patients gets infected entirely unrelated to the purpose of their 
admission. Healthcare textiles have a ubiquitous presence in the form of healthcare 
workers and patients’ uniforms, linen and curtains. Regretfully, numerous clinical 
reports have confirmed that the contamination of healthcare textiles with HAI-
causing pathogens may result in transmission to a healthy patient, through health-
care worker’s uniform, scrubs and hospital linen.  
Incorporation of antimicrobial agents into textiles is increasingly looked upon 
as a solution to prevent the pathogen colonization. However, if the fabric is 
hydrophilic then the absorption of organic fluids (in the form of a sneeze, vomit) 
can jeopardize the antimicrobial activity. Therefore, there is a growing interest to 
incorporate dual functionalities, antimicrobial property and superhydrophobicity, 
into healthcare textiles; as a superhydrophobic surface can repel pathogen-rich 
fluids encountered in a hospital environment while antimicrobial functionality 
destroys the attached microbes. Furthermore, the potential of superhydrophobicity 
to inhibit bacterial adhesion, is also a crucial aspect, which has been neglected in 
the reported work on superhydrophobic textiles.  
Obtaining durable functionality of both properties seems to be an elusive 
proposition for the researchers in this field. Therefore, developing durable dual 
functional coatings on cotton fabrics is the prime objective of this thesis. The thesis 
investigates the incorporation of polyhexamethylene biguanide (PHMB) into 
cotton textiles. PHMB is a cationic antimicrobial agent, which has no adverse effect 
on human health, unlike some of the existing metal-based antimicrobial agents (e.g. 
nanosilver). This study also aims to achieve the superhydrophobic effect by using 
non-fluoro hydrophobic compounds, owing to the toxicity and persistent nature of 
fluorine compounds.  To achieve dual functionalities, two important coating 
techniques, layer-by-layer (LbL) assembly and one-pot coating, have been explored 
in this study. 
Although PHMB inclusion in cotton substrates is well-known to the textile 




carboxylate anions and cationic PHMB. In this study, the LbL methodology 
resulted in a multilayer PHMB assembly on cotton substrates. Additionally, dual 
functional coatings were also achieved by adopting a two-step approach: LbL 
assembly followed by dip coating of hydrophobic compounds. The developed 
fabrics exhibited superior antimicrobial performance against Escherichia coli 
(E.coli) and superhydrophobicity (contact angle >150°). Moreover, the dual 
functionalities were retained after ten accelerated wash cycles, equivalent to fifty 
domestic laundering cycles. The fabrics also achieved a 70% reduction in bacterial 
adhesion in comparison to untreated fabric, which is important considering the 
attachment of bacteria is the first step in biofilm formation.   
This thesis reports an innovative one-step process of applying antimicrobial 
agent and hydrophobic compound from the same bath. Based on dip coating 
approach, this process is simple, rapid and suitable for bulk-scale manufacturing. 
The one-step process consists of deposition of PHMB and epoxyalkane/epoxy 
cross-linker on cotton fabrics in ethanol/water solvent. The incorporation of epoxy 
cross-linker has fulfilled three purposes: anchoring of PHMB to cotton, inter-
linking of PHMB chains in the coating and bonding of epoxyalkane to the PHMB 
network. Here also, the fabrics possessed the durable activity of both antimicrobial 
property and superhydrophobicity. The experimental design revealed the optimum 
synthesis conditions and the inter-relation between the three constituents of the 
coatings.    
As an off-shoot of the principal work, the thesis work has revealed the 
shortcomings in the current antimicrobial test standards for the evaluation of dual 
functional fabrics. Accordingly, a new test protocol tailored to the needs of dual 
functional fabrics was proposed in this study.  
To summarize, the development of dual functional cotton fabrics is a promising 
solution in the fight against the transmission of HAIs.  
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Chapter 1 Introduction 
1.1 Motivation 
The ability of textiles to fight the intrusion of microbes is, perhaps,  one of the 
most admired innovations in the community. Thanks to their biocidal nature, such 
textiles, commonly known as antimicrobial textiles, have been truly integrated into 
real-life applications. For instance, sports and fitness apparel sector, which has a 
market size of USD $125 bn 1  invariably opts for antimicrobial textiles so that the 
ultimate garments stay fresh for a long time. At the same time, unfamiliar terrains 
are increasingly explored for the applications of antimicrobial textiles. Healthcare 
sector is one such area where antimicrobial textiles are increasingly looked upon as 
one of the weapons against the menace of healthcare-associated infections (HAIs). 
HAI is a burden on a modern society where a multitude of factors results in 
acquiring infections by patients when admitted to hospitals. The severity of the 
issue can be gauged from the statistics. In the USA, about one in 25 hospital patients 
have at least one healthcare infection;2 in Australia each year around 200,000 HAI 
cases are reported in acute healthcare facilities.3  
It is well-known that hospital patients shed pathogens in the environment. 
Some of the notorious pathogens responsible for HAIs are Klebsiella pneumoniae, 
Pseudomonas aeruginosa, Acinetobacter baumannii, Clostridium difficile, 
Staphylococcus aureus;4-5 in addition, there is an emergence of multidrug resistant 
strains (commonly known as superbugs) such as carbapenem-resistant 
Enterobacteriaceae, methicillin-resistant Staphylococcus aureus, and vancomycin-
resistant Enteroccoci.6 These pathogens have been shown to survive on objects and 
surfaces in the immediate surroundings, and in turn land on the hands of healthcare 
workers during patient care, eventually reaching a susceptible person.5 The problem 
becomes all the more critical by the fact that healthcare textiles in the form of bed 
sheets, healthcare worker uniforms, patient uniform, bath towels, and curtains, 
acquire pathogens from the patient environment. Considering their wide-spread 
presence in the patient environment, healthcare textiles may become a vehicle for 
transmission as a fomite. To this end, the topic of fortifying healthcare textiles with 
antimicrobial functionality is being pursued with great vigour by researchers. In 
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fact, employing antimicrobial healthcare textiles seems to have been adopted as a 
prevention strategy by hospitals across the globe. According to one estimate, global 
market size of antimicrobial healthcare textiles was US$422.3 million in 2015 and 
is expected to be almost doubled by 2024.7  
Interestingly, a new school of thought has emerged which emphasizes that 
antimicrobial property alone may not be enough as the organic material from blood 
and bodily fluids could interfere with the antimicrobial action of inactivating 
microbes.8 Therefore, fluid repellency is regarded as a valuable addition to 
preventing pathogen survival on healthcare textiles. This work, therefore, has 
focussed on developing dual functional- antimicrobial and superhydrophobic- 
cotton fabrics. As bed linen used in hospitals is generally made up of 100% cotton 
fabrics,9 the focus is on the development of dual functionalities on cotton substrates.  
1.2 Research gap and opportunities 
There are three key considerations for an ideal antimicrobial technology. 
Firstly, the agent should be active against a multitude of microbes (broad spectrum 
activity). Secondly, it should be safe for use for both human and environment 
(sustainability). Lastly, the treated substrate should withstand multiple washing 
cycles in real-life conditions (user benefits). The existing technologies on these 
aspects have been scrutinized in this study in order to identify a suitable agent.  
Antimicrobial textiles are produced by incorporation of antimicrobial agents 
such as silver, cationic compounds, halamine and phenolic compounds.10 Amongst 
these, silver is predominant in most of the commercially available textile products 
in various forms including nanoparticles. However, as silver ions need to leach out 
from the coatings to exert antimicrobial action,11 there is a likelihood of a gradual 
weakening of the antimicrobial action until a point where it is no longer effective. 
Secondly, silver coatings have no covalent bonding with the cotton substrates, it is 
quite common to observe  loss of a certain amount of silver  from silver-treated 
textiles during laundering. In fact, concerns have been raised about the effect of 
silver nanoparticles (AgNPs) on aquatic life and on the soil-borne 
microorganisms.12 The risk of ill-effects of AgNPs on human health is yet not fully 
understood.13-14 Other antimicrobial agents also have issues that make them 
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unacceptable such as halamine (due to the use of chlorine which poses the problem 
of adsorbable organic halides) and phenolic compounds (due to the release of toxic 
dioxins after  break-down).15 In contrast, polyhexamethylene biguanide (PHMB), 
a cationic antimicrobial,  appears to have a distinct advantage as it forms ionic as 
well as hydrogen bonding with cotton substrates.16 Furthermore, PHMB contains 
multiple biguanide groups in polymeric chains, thus offering more binding sites 
without sacrificing the microbial killing efficiency.17 It is also important to note 
that PHMB falls in the category of a bound antimicrobial, meaning there is no need 
of the agent to leaching.18 The application of PHMB is carried out in aqueous 
solutions and hence there is no need to use harmful solvents. Looking into all these 
features, PHMB was selected in this study as an antimicrobial agent. However, 
instead of relying on mere ionic interactions of carboxylate anions of cellulose, 
other deposition alternatives were explored. Accordingly, the work aims to achieve 
the PHMB immobilization by two methods: layer-by-Layer (LbL) assembly and 
covalent bonding (Figure 1.1). 
 
Figure 1.1 Schematic of methods of coating for the preparation of dual functional 
fabric 
Further, the selection of hydrophobic compound is also crucial for obtaining 
superhydrophobicity. It is worth noting that, most of the research reports have 
employed long-chain hydrocarbon and fluorocarbon compounds to achieve a 
superhydrophobic state. Several research reports suggested the inability of 
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hydrocarbon chains to offer durable superhydrophobicity; while long-chain 
fluoroalkyl compounds are hazardous to the environment and human health. In fact, 
not-for-profit organizations such as Greenpeace is actively pursuing this issue by 
performing independent lab tests on outdoor  garments to help curb the clandestine 
usage of long-chain fluoroalkyl chemicals.19 This work, therefore, endeavours to 
explore alternatives to the fluorine chemistry. Accordingly, the focus of this 
research is to explore long-chain epoxyalkane compounds which, to date, is a 
pristine area. 
Another important aspect of superhydrophobic surfaces which has been 
grossly neglected in textile research is the ability to restrict the attachment of 
bacterial cells and thus preventing the formation of biofilms, a highly organized 
colony of microbes. The adhesion inhibition has been proved on superhydrophobic 
surfaces on a range of substrates such as silica, stainless steel and polymers.20-23,24-
25 However, significantly few research reports of dual functional textiles or only 
superhydrophobic textiles have paid attention to this aspect. In this context, the 
contribution of superhydrophobic fabrics for the resistance against bacterial 
adhesion was investigated in this study.  
1.3 Specific aims 
• To impart antimicrobial properties to cotton fabrics by using PHMB as an active 
agent through exploring various deposition approaches such as electrostatic 
multilayer and covalent bonding. 
• To obtain superhydrophobic surface on antimicrobial cotton fabrics through the 
generation of micro and nanoscale roughness and lowering surface energy by 
the deposition of hydrophobic compounds based on silane and epoxy end 
groups.  
• To explore the ability of superhydrophobic fabric surface in reducing the 
bacterial adhesion thereby preventing biofilm formation.  
1.4 Thesis structure 
• Chapter 1: This chapter provides an introduction to the thesis. 
• Chapter 2: This chapter studies and analyses various aspects of producing 
antimicrobial, superhydrophobic as well as dual functional fabric. It covers the 
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recent research and commercial approaches undertaken in attaining the dual 
functionality onto the cotton substrate. Finally, the review includes a detailed 
discussion of the gaps in the literature and the opportunities.  
• Chapter 3: This chapter provides information about the  chemicals, test 
methodologies and antimicrobial test evaluation invloved in the thesis work. It 
also includes information about the selection of a neutralization agent employed 
for antimicrobial evaluation. 
• Chapter 4: This chapter summarizes the first approach, a two-step process, 
which consisted of an LbL assembly of PHMB followed by the deposition of an 
alkylsilane. The study focusses on the durability of antimicrobial properties and 
superhydrophobic properties. The findings of this chapter help to design the 
further section of work.  
• Chapter 5: This chapter is designed again on a two-step approach with LbL 
assembly followed by hydrophobic treatment. However, the incorporation of 
silica nanoparticles as one of the components (owing to their negative surface 
charge) of the LbL assembly was explored. This chapter also investigates the 
incorporation of epoxyalkane and epoxy cross-linker for the attainment of 
durable functionality. Finally, the potential of treated fabrics against bacterial 
adhesion inhibition is also presented.  
• Chapter 6:  This chapter is a culmination of an effort to devise an industry-
friendly one step method for the synthesis of dual functional coatings. A one-
pot coating method invented for the incorporation of PHMB and 
epoxyalkane/epoxy cross-linker is discussed. In addition to durability studies,  
the work was extended to determine the effect of the treatment on physical 
properties of fabrics such as handle, colour and feel.  
• Chapter 7 This chapter elaborates on the issues relevant to the antimicrobial 
evaluation of dual functional fabrics. The study explains the repercussions of the 
use of  broth as diluent for bacterial culture on the consistency of test outcomes. 
Finally, certain changes have also been suggested which will help in developing 
a new test standard for the evaluation of dual functional fabrics. 
• Chapter 8: This chapter summarizes the findings of the thesis and suggests the 
direction for future work. 
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Chapter 2 Literature Review 
2.1 Introduction 
Microorganisms are an integral part of the sustenance and flourishing of the 
ecosystems on planet earth. They are speculated as the oldest inhabitant of the earth 
with estimations of existence from 4000 million years ago.26 Microorganisms 
perform myriad functions such as soil enrichment, supporting marine life and are 
responsible for the production of nearly all of the oxygen in the atmosphere.27 
Despite these valuable contributions, humankind views entire microorganisms as a 
menace when only a minority of them can be associated with diseases.  
Though microorganisms have been around from the time immemorial, their 
presence was confirmed only a few hundred years back in light of their propensity 
to cause diseases. The pioneering work carried out prominently by scientists such 
as Robert Koch, Louis Pasteur and many others, established connections between 
various human diseases and causative microbes. Due to these breakthroughs, late 
ninetieth century (1857–1910) is recognized in history as the “Golden age of 
Microbiology,”28 which was responsible for the foundation of healthy societies of 
the modern world. The paradigm shift in the disease curing was attained in 1921 by 
the discovery of penicillin as an antibiotic by Sir Alexander Fleming.29 There has 
been a phenomenal success in saving countless human lives with the advent of 
antibiotics. The miraculous impact of the antibiotics can be gauged from the drop 
in deaths by infectious diseases from 797 per 100,000 in 1900 to 36 per 100,000 in 
1980.30 However, the sheer ingenuity of bacteria as species coupled with the 
rampant over-use of antibiotics had resulted in the ineffectiveness of antibiotics 
periodically over the years through the phenomenon of antibiotic resistance. The 
introduction of new antibiotics by humans and subsequent emergence of resistant 
bacteria thereof is the invisible war happening in the current era. The 21st century 
is witnessing a full circle in the fight against infectious disease as nations are 
grappling with the countless loss of lives caused by the antibiotic resistant strains 
of bacteria. Now, the world has been eventually reintroduced to the menace of 
microorganisms through the healthcare environments. 
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Though the field of microbiology is only several hundred years old, in ancient 
times there was awareness about “some uncontrolled forces” that were responsible 
for the common nuisances. For instance, in ancient times, the Persian empire, the 
Romans and others used silver vessel for water storage to keep it potable.31 There 
are records of use of silver as a medicinal product in the middle ages.32  
Disinfection is a subject closely associated with the healthcare environment 
and medical devices. However, the mounting concerns of microorganism 
contamination in the food and general consumer market have resulted in increased 
use of disinfection products in non-medical areas.33 Generally, a wide variety of 
chemicals is used for the purpose of disinfection of microorganisms. They are often 
termed as antimicrobial agents, biocides, or disinfectants. These chemicals can be 
classified as static (bacteriostatic, fungistatic) or cidal (bactericidal, virucidal), 
referring to their ability to inhibit growth or kill target organism respectively.33  
Cleaning by disinfectants is practised to keep microbes at bay especially in 
healthcare, food handling and household sanitation, a new trend has emerged 
wherein the material itself is incorporated with an antimicrobial agent so that the 
treated object makes it difficult for microbes to grow on its surface.34 On the similar 
lines, antimicrobial agent incorporated textiles, better known as antimicrobial 
textiles, have been in vogue in recent decades. The prime purpose is to control the 
growth of bacteria, fungi, mould, mildew and algae on textiles.18 The active 
ingredient responsible for antimicrobial action is usually incorporated into textiles 
at the stage of fibre forming or fabric finishing.15, 35 
2.1.1 Understanding of microbes 
Microorganisms are classified into five different categories based on their 
biological characteristics: virus, bacteria, protozoa, fungi and algae (Figure 2.1)36. 
The vast majority of these microbes reside in the immediate environment.  




Figure 2.1 Classification of microorganisms 
Viruses are the tiniest microbes with a core made up of DNA or RNA and show 
activity only within a living cell.37 Bacteria are prokaryotic and unicellular species 
with tiny size (0.2-2.0 µm in diameter and 2-8 µm in length) and are classified 
based on their shape as spherical (coccus), rod-shaped (bacillus) or curved (vibrio, 
spirillum) (Figure 2.2).38 Among all microorganisms, bacteria as a class stand 
unique not only being a dominant microbial species present in human body but also 
due to their dreadful contribution in causing epidemics in human history. Other 
categories of microbes, fungi and protozoa, are eukaryotic in nature and also cause 
certain diseases in human beings. Bacterial cell surface usually possesses negative 
charge due to the presence of ionized carboxyl and phosphoryl substituents on the 
outer cell wall.39 
 
Figure 2.2 Classification of bacteria on the basis of the shape 
A typical human body is built up by 1 x 1013 mammalian cells and yet hosts 
about 1 x 1014 microbial cells.40 These microbes reside on the skin and also inside 
throat, nose, mouth, bowel and urinogenital tract.36 In fact, human gastrointestinal 
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microbiota which consists of various bacterial species performs the functions far 
beyond the standalone capacity of human physiology.40 Humans share a complex 
relationship with bacteria. On the one hand, it touches commensalism benefiting 
both the host and the guest; on the other hand, it could be life-threatening as some 
of the pathogens could turn opportunistic in the circumstances if the person is in an 
immune-compromised state.    
To survive in the hostile and unpredictable environment, bacteria have evolved 
a sophisticated and complex cell envelope that protects them from foreign attack 
yet allows metabolic activities.41-42 Based on the composition of the cell wall, 
bacteria can be classified into two types: Gram-positive bacteria and Gram-negative 
bacteria (Figure 2.3). The two types can be stained to distinct colour from each 
other by using Gram stain, normally violet-purple for Gram- positive, and pink-red 
for Gram-negative bacteria.   
 
Figure 2.3 Schematic showing cell wall of Gram-positive and Gram-negative 
bacteria 
The cell wall is an essential part of the bacterial physiology protecting the inner 
fragile plasma membrane and the interior of the cell.36 In the case of Gram-positive 
bacteria, the cell wall consists of a thick layer of the mesh-like network of 
peptidoglycan (a disaccharide), polypeptides and teichoic acids.38, 42 In contrast, the 
cell wall of Gram-negative bacteria has a very thin layer of peptidoglycan and an 
additional outer membrane which is composed of lipoproteins, lipopolysaccharides 
and phospholipids.36, 42 It is worth mentioning that despite the differences, both 
types of bacterial cells acquire negative surface charge due to the ionization of 
surface groups such as amino, carboxyl and phosphoryl groups.43 
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2.1.2 Necessity for antimicrobial textiles 
Textiles occupy centre stage in human lives; right from homes to workspaces 
to industries, they serve in many forms and also perform myriad functions. Human 
lives are incredibly connected with textiles by way of apparels, upholstery and 
home textiles. The three pre-conditions, moisture, warmth and nutrients, necessary 
for survival and growth of bacteria are easily fulfilled by textiles due to their 
peculiar fibrous structure and yarn bundles.35, 44 Hence, at the outset, textile 
structures are themselves vulnerable to microbial colonization which makes a 
strong case for designing antimicrobial textiles.  
2.1.2.1 Protection from microbial attack 
Antimicrobial textiles were first reported to be employed in the World War II 
for the protection of fabric tents and covers from rot and mould attacks45. Microbe 
attack on textiles during manufacturing, shipment or usage is everyday 
phenomenon.18, 46 The attack generally happens in high humidity surroundings and 
is manifested in the form of discoloration, staining or musty odour emanating from 
affected textiles. Therefore, protection of textiles is one of the prime objectives 
behind the imparting antimicrobial property.  
2.1.2.2 Freshness retention  
It is well known that human skin supports commensal bacteria as one of the 
protection mechanisms against pathogenic bacteria from surrounding 
atmosphere.47 The axillary regions of human body tend to remain moist due to 
odourless secretions from sebaceous glands and eccrine, apoeccrine and apocrine 
sweat glands,48-49 and hence are heavily colonized by bacteria (106 per cm2)  in 
comparison to other skin surfaces (~102 -103 per cm2).50 It has been now established 
that short-chain and medium-chain volatile fatty acids and thioalcohol, are the 
causal molecules of axillary malodour.49 This characteristic stinky odour is the 
result of biotransformation of the odourless secretions by staphylococci and 
corynebacteria species residing in the axillary region.48-49 It is quite natural for 
garments to emanate axillary malodour owing to the absorbance of bacteria-
enriched sweat from the axillary region. In order to retain the freshness of apparels, 
it is imperative to impart antimicrobial functionality. In this way, by restricting the 
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growth of bacteria, fabrics can stay fresh for a longer duration, plus curtailing down 
the need for frequent washing and leading to conservation of water and energy.51    
2.1.2.3 Healthcare infection prevention 
Healthcare-associated infections (HAIs) or nosocomial infections are defined 
as infections acquired by people while they are receiving treatment for another 
condition in a healthcare setting.52 HAIs are responsible for the colossal loss of 
lives of immune-compromised patients equally in both the developing and 
developed nations. Each year in Australia, there are over 200,000 reported cases of 
HAIs with 7000 casualties.3 In U.S. hospitals, this figure is about 1.7 million 
resulting in 99,000 deaths and $20 billion in healthcare costs.2 Even for non-life 
threatening cases, HAIs still cause havoc by lengthening the hospital stay and 
affecting emotional well-being of patients.53 Apart from hospitals, HAIs can 
potentially spread into other healthcare settings such as long-term care facilities, 
old-age homes and rehabilitation centres.54 To compound the situation, there has 
been the emergence of strains of multi-drug resistant bacteria (known as superbugs) 
in healthcare environment. Some of the key pathogens responsible for HAIs are 
Clostridium difficile, methicillin-resistant Staphylococcus aureus (MRSA), 
vancomycin-resistant enterococci (VRE), Gram-negative bacilli (e.g., 
Acinetobacter baumannii and Pseudo-monas aeruginosa), Klebsiella pneumoniae 
and norovirus.6, 55-56 
The hospital environment is home for microorganisms such as commensal 
bacteria, pathogenic bacteria, virus, fungi and parasites.53 There are various ways 
in which (Figure 2.4) a susceptible patient can come into contact with pathogens 
from an infected patient.  Among the risk factors, the two-pronged strategy of 
effective control of contamination of hospital environment and transmission of 
pathogens between patients and healthcare workers is crucial for preventing HAIs.6 
Numerous clinical studies have established that improving environmental 
disinfection can reduce HAIs.5, 56-58 Particularly, the surrounding objects and 
surfaces of the rooms harbour pathogens shed by occupant patients.56 Coming to 
textiles, pathogens survive on textile surfaces  from a few hours to a few days.59 
During this time, there is a risk of transfer of these pathogens to healthcare workers’ 
hands and gloves transiently and thereon finally to a susceptible patient.4, 60 
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Furthermore, numerous clinical trials have revealed that HCW uniforms, as well as 
other healthcare textiles, can also acquire pathogens from infected patients.61-62For 
instance, nurses’ uniform,63-64 doctors’ white coat,65-66 curtains,67 and scrubs68 are 
common carriers of bacteria. In fact, it was shown during routine patient care, 
uniforms can get contaminated within hours to an equal degree of an unwashed 
one.69 
Although there has been no clinical proof to link pathogen transfer from 
healthcare textiles and HAIs;61 the associated risk is significant in light of the 
factors such as close proximity of infected patient and healthcare textiles, long-term 
survival of pathogens on surfaces,57 and sufficiency of a few cells to trigger an 
infection.5 Hence, it is of utmost importance to impart antimicrobial property to 
healthcare textiles. Very recently, antimicrobial healthcare textiles have been 
marketed worldwide by various manufacturers. Table 2.1 enlists some of the 
prominent commercial manufacturers of antimicrobial healthcare textiles.     
 






Table 2.1 Commercial manufacturers of antimicrobial healthcare textiles 
Company Tradename Category Active agent Form of supply Durability 
Refere-
nces 
Lifethreads LLC Lifethreads A + H Zinc pyriothione HCA 200 industrial 
launderings 
70 
Vestagen textiles Vestex A + H - HCA - 71 
Herculite Ltd Sure-chek A + H - Fabric - 72 
MediTEX technology MediTEX A - HCA - 73 
Surgicotfab textiles Surgicotfab A Zinc Fabric 200 commercial wash 74 
Panaz Shield plus A QAC based Fabric - 75 
Purthread Tech Purthread A Silver Fibre 100 industrial cycles 76 
Foss manufacturing Fosshield A Silver/copper Fibre - 77 
Noble biomaterials X-static A silver Fibre - 78 
Quick-Med Stay fresh A Hydrogen peroxide Finish 75 laundering cycles 79 
Biocote Ltd Biocote A - Finish - 80 
• HCA       – healthcare apparel; Blank spaces indicate that the information is not divulged by the manufacturer. 
• A             – antimicrobial  
• A + H      – antimicrobial + hydrophobic 
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2.1.2.4 Therapeutic textiles   
Therapeutic uses such as treatment of skin infections is another emerging area 
of applications for antimicrobial textiles.81-84 Owing to the ability of antimicrobial 
agents to attack fungi, generally, the therapeutic uses are aimed at fungal skin 
infections.  
2.2 Antimicrobial finishing-commercial and research scenario  
As outlined in the introduction, there exists a range of commercial technologies 
for imparting antimicrobial properties to textiles. The use of the antimicrobial agent 
in finishing formulations as well as polymer additive agent offers a choice of 
imparting antimicrobial property during upstream (fibre manufacturing) or 
downstream (fabric finishing) processing. This work will concentrate on the 
antimicrobial finishing of cotton fabrics as chemical finishing is the best-suited way 
for the incorporation of an antimicrobial agent for cotton fabrics. Various 
prerequisites have been noted in the literature for designing an effective finishing 
formulation for antimicrobial textiles.10, 15, 46 These are listed as follows:  
• Fast acting in nature to constrain the growth of microbes. 
• Effective against a broad range of microorganisms while maintaining the 
fibre/fabric property even after multiple cleaning cycles or outdoor UV 
exposure. 
• Low toxicity, allergy or irritation to the user  
• Meet strict government regulations and have a minimal/negligible 
environmental impact. 
• Compatible with other wet processing stages. 
• No deterioration of other fabric properties especially strength and handle. 
• Low cost. 
• No harmful effect on the non-pathogenic resident skin flora of the skin  
Although it is challenging to fulfil all the aforementioned requirements there 
are many commercially available antimicrobial technologies for textiles. Some of 




Table 2.2 Commercial manufacturers of the antimicrobial fibres and chemical finishes 
Company Tradename Active agent Substrate Application Durability References 
Dow chemicals Silvadur 900 silver  all F 50 wash cycles 85 
Nanohorizons Smartsilver AgNPs all F/S - 86 
Microban Silvershield silver all F 25 wash cycles 87 
Thomson Research  Silpure silver chloride all F/S - 88 
Milliken chemicals Alphasan silver all F/S - 89 
Trevira Bioactive silver synthetic F - 90 
Sciessent technologies AgION silver zeolite all F/S - 91 
Sanitized AG Sanitized silver phosphate, 
silver/TiO2 
all F/S - 92 
HeiQ Fresh Tech AgNPs all F/S - 93 
Sanitized AG T99-19 silane QAC all F/S - 94 
PurThread PurThread silver - F 100 industrial cycles 76 
Sinanen Zeomic Zeomic silver zeolite all F/S - 95 
Biogate AG Microsilver BG silver all F - 96 
Noble biomaterials X-static silver synthetic F - 78 
Smart fiber AG Smartcel ZnO Lyocell F - 97 
Sanitized AG Zinc Pyrithione zinc pyrithione all F/S - 98 
Thomson Research  Ultra fresh Triclosan all F/S - 99 
Microban ZpTech zinc pyrithione all F - 100 
Quick-Med Tech Stay Fresh hydrogen peroxide all F/S 75 wash cycles 79 
Lonza chemicals Reputex 20 PHMB cellulose F 50 wash cycles 101 
• F- fabric finishing; S- fibre spinning (dope addition)  
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2.2.1 Classification based on the active agent   
Antimicrobial textiles can be classified based on their active ingredient and the 
compound that possess antimicrobial activity (Table 2.3). Some of the prime 
compounds employed in commercially available antimicrobial finishes are metals, 
organo-metals, cationic compounds, phenol-based chemicals, chlorine based 
compounds and oxidizing agent complex. 
Table 2.3 Prominent antimicrobial agents 
 
2.2.2.1 Metals: silver  
Metals, especially silver, have been used for their antimicrobial properties from 
antiquity based on the empirical knowledge.109 Currently, silver is the predominant 
agent in most of the commercially available antimicrobial formulations. Silver can 
be incorporated both at the fibre and fabric stage. It can be added as spinning 
additive during synthetic fibre spinning or as a formulation for fabric finishing. 
Most formulations are based on either silver ion exchangers, silver salts, or silver 
nanoparticles (AgNPs).51 AgNPs are clusters of silver atoms with sizes ranging 
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Degradation of the cell membrane, 













Degradation of cytoplasmic 
membrane 
108 
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from 1 to 100 nm.110 The massive surface area to volume ratio of AgNPs could 
result in dramatic increase in silver ions release.111 Moreover, AgNPs have emerged 
as a powerful weapon against multi-drug resistant pathogens in addition to their 
broad spectrum of activity towards bacteria, virus and fungal species.102-103 
There is a common agreement that antimicrobial activity of silver is mainly 
attributed to the release of Ag+ ions (Figure 2.5) in presence of moisture.32, 102, 109, 
112-113 Various mechanisms of action of Ag+ ions proposed are inhibition of 
respiratory process, complexion with thio group of proteins, damage to DNA, and 
rupture of the cell membrane, leading to cell death.112, 114 Ironically, there is 
confusion about the mode of action of AgNPs and this is a subject of debate. Some 
reports suggest that AgNPs possess intrinsic activity, which may vary with the 
attributes such as such as size, shape, surface charge and concentration.102, 115 Other 
reports reject this theory and claim the enhanced ion release as an effect of 
nanoparticles.116 Interestingly, it is also suggested that the action of AgNPs is a 
function of particle size, whereby above a threshold size, the intrinsic action is 
dominant over the ion release mechanism.115 
 
Figure 2.5 A schematic showing release of Ag+ ions from the surface of a treated 
textiles 
2.2.2.2 Quaternary ammonium compounds 
Quaternary ammonium compounds (QACs ) are defined as the organic 
compounds that contain cationic nitrogen covalently attached to four functional 
groups; at least one of the groups is a hydrophobic chain.104, 117 QACs such as 
benzalkonium chloride, cetylpyridinium chloride, cetrimide are useful disinfectants 
and pharmaceutical and cosmetic preservatives.117 In spite of their good 
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antimicrobial activity, there is a limited commercial interest in QACs for 
incorporation as antimicrobial agents for textiles. There is only one commercialized 
product based on silane quaternary ammonium compound which is now available 
as Aegis EcoFresh technology. The active compound is a silane compound (Figure 
2.6) 3-(tromethoxy silyl)- propyldimethyloctadecyl ammonium chloride. The mode 
of action of QACs is attributed to co-ordination of cationic nitrogen and the 
hydrophobic chain that results in distortion of the cytoplasmic membrane of 
bacteria.104 
 
Figure 2.6 3-trimethoxysilylpropyloctadecyldimethyl ammonium chloride 
2.2.2.3 Polyhexamethylene biguanide (PHMB) 
PHMB is a broad spectrum cationic antimicrobial polymer (Figure 2.7) which 
has been used in diverse range of applications owing to its lack of toxicology. 
Against bacteria, its minimum inhibitory concentration (MIC), the concentration 
that leaves no detectable survival of microbes after a specified contact time, range 
is in the range of 0.5 – 70 ppm (Lonza technical information). In the case of textiles, 
it has been successfully adopted as an antimicrobial agent of cellulosic and 
cellulosic blends. For textile treatment, PHMB is available as a finishing solution 
as “ReputexTM” from Lonza biocides.  It is a 20 % aqueous solution with an average 
16 biguanide units in the polymeric chain. It can be applied to fabrics by exhaust 
and padding methods. 
 
Figure 2.7 Chemical structure of PHMB 




Chitosan (Figure 2.8) is a deacetylated derivative of chitin, a naturally 
occurring aminopolysachhride which is the main component in the shells of 
crustaceans such as shrimp, crab and lobster.118 There is a general agreement that 
the mode of action of chitosan is its polycationic nature which attacks the cell 
surface and causes destruction.  However, poor durability owing to insufficient 
binding to cotton and the harsh handle of treated fabrics are the main concerns. 
Besides, its pH and temperature sensitivity has thwarted chances of commercial 
acceptance.11 
 
Figure 2.8 Chemical structure of chitosan 
2.2.2.5 N-halamine 
N-halamine may be defined as a compound containing one or more nitrogen-
halogen covalent bonds which liberate positive halogen after dissociation.119-120 As 
shown in Figure 2.9, amine, amide or imide groups can be converted into N-
halamines.121 N-halamine compounds transfer oxidative halogen to a microbial cell 
upon direct contact with the cell resulting in oxidation-mediated damage by 
reacting with thiol groups or amino groups in proteins.105-107 In this process, the N-
Cl bond turns into N-H and loses its action; however, halogen can be reinstated 
simply by using household bleach.119, 122-123 
 
Figure 2.9 N-halamine structures based on a) amide; b) amine; and c) imide groups 
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2.2.2 Classification based on way of attack 
Antimicrobial textiles have also been classified on the basis of way of attack 
by antimicrobial textiles as leaching (also known as “release”) and non-leaching 
(also known as “bound” or “immobilized”) (Figure 2.10).15, 18 In the former case, 
there is no bonding of antimicrobial agent to a textile substrate. In order to achieve 
biocidal action, the agent is released from the textile into the surrounding 
atmosphere. The leached agent then interacts with microbe cell, resulting in 
biocidal action. In contrast, the non-leaching mechanism doesn’t necessitate the 
release of antimicrobial agent, rather it exerts its action by mere contact on 
molecular levels, with the microbes.18 It is quite obvious the concentration of 
antimicrobial agent in textiles decreases constantly with the leaching. In addition, 
the non-permanent bonding also causes loss of agent during laundering.10 On the 
other hand, bound antimicrobials not only avoid the problem of diminishing activity 
but also exhibit strong resistance against multiple laundering. Antimicrobial agents 
based on metals generally fall into the former category. While those which are 
anchored to the textile substrates such as silane-QAC and PHMB fall under the 
category of bound antimicrobials.  
 
Figure 2.10 Classification: Leaching and non-leaching antimicrobial textiles 
Antimicrobial textiles are also classified based on the extent of action on 
microbes as: biostatic and biocidal textiles.15, 124 Biostatic action refers to the 
reduction of microbe growth but doesn’t necessitate killing; biocidal action refers 
to the complete annihilation of microbes. The loading of antimicrobial textiles is 
generally designed to such an extent that the resultant product ensures biocidal 
action.   
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2.3 Evaluation of antimicrobial efficacy 
There are two main groups of the test methodologies.125 The first test 
methodology seeks to identify resistance of textiles toward bio-deterioration, which 
is important to predict the self-protection of textiles against the attack of mould and 
fungi in unfavourable conditions. The second test methodology probes 
antimicrobial activity of textiles which are designed to fight the odour generation 
and the cross-contamination in a healthcare environment. Most tests following the 
first methodology involve burial of textiles in soil and assessing the deterioration 
in material strength after a specified duration. This work is mainly focussed on 
apparels, therefore, a detailed account of the second test methodology only follows.   
2.3.1 Determination of antimicrobial activity 
In order to estimate the antimicrobial activity of textiles, two different 
methodologies, quantitative and qualitative evaluations, are followed. The 
qualitative tests are primarily employed as a quality control tool to confirm the 
antimicrobial performance and are relatively quick and easy to perform. 
Quantitative tests provide an exact numerical indication of the performance and are 
comparatively lengthy and cumbersome. 
2.3.1.1 Antimicrobial activity by qualitative tests 
This class of testing involves an evaluation of zone of inhibition as an 
indication of antibacterial activity.18, 126 Here, the textile sample is laid over an agar 
plate pre-inoculated with bacterial culture. The agar plate is then incubated for a 
specific time to support the bacterial growth.  After incubation of the agar plate, the 
growth pattern of bacteria is evaluated by observing the area near the periphery of 
the fabric sample (Figure 2.11).  




Figure 2.11 Antibacterial testing of textiles: Quantitative evaluation 
Ideally, an area of no growth, generally known as the zone of inhibition, is 
obtained around the specimen due to diffusion of the antimicrobial agent. The size 
of the zone of inhibition is a measure of antibacterial activity and it is directly 
related to the diffusion constant of the agent and the total amount available to 
diffuse.126 Logically, this test method is more suitable for antimicrobial agents 
working on leaching principle (e.g. metals), where the agent diffuses out of textiles 
and restricts the growth of bacteria. However, it is incorrect to conclude that “the 
lack of  a zone of inhibition = no antimicrobial activity”.18 Antimicrobial agents 
that do not work on leaching principle and are firmly attached to textiles, may not 
diffuse on agar surface and hence show no zone of inhibition. Ironically, even 
antimicrobial agents that work on the principle of leaching and are firmly bound to 
the substrate to meet good wash durability, may show a no zone of inhibition. 
2.3.1.2 Antimicrobial activity by quantitative tests 
In the case of quantitative methods, reduction in a number of microbe cells for 
antimicrobial textiles in comparison to the untreated control fabric is expressed as 
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antimicrobial efficiency. The method involves inoculation of a test piece of fabric 
with a known count of bacterial cells and then incubating the fabric for a specified 
duration. The fabric samples are then shaken vigorously in solution to evict all the 
live cells and the live cell count is achieved through dilution and plating. The 
methods commonly followed by researchers for evaluation based on this principle 
are AATCC 100:2012, ISO-20743:2007, ASTM E2149-13a, JIS L 1902:2015. 
Regrettably, the prevalent test conditions of the high bacterial population in wet 
condition with rich nutrients are hardly encountered in actual usage situations.15, 18 
In reality, the impact of microbes alighting on a surface through aerosol or touch is 
an important aspect. There were attempts by past researchers127 and also recently128 
to introduce methods that mimic real-life situations. However, so far, the 
conventional tests are preferred by researchers probably due to the established 
protocols and lack of availability of standard methods which can mimic everyday 
life. 
2.4 Recent research in antimicrobial textiles 
2.4.1 Silver-based antimicrobial textiles 
Various ways of incorporating silver onto textiles (Figure 2.12) have been 
explored by researchers. Incorporation of ionisable silver products as a polymer 
additive is feasible for man-made fibres; whereas, natural fibres (such as cotton), 
have to rely on the topical application of silver in the form of finishing agent. For 
this, preparation of AgNPs through chemical reduction on cotton fabric both by in-
situ 129-133 and ex-situ131, 134-136   method seem to have attracted great attention. Other 
routes are coating of silver in the form of ready-made AgNPs,137-139 silver salts140 
and silver-zeolite complex.141-142 It can be seen that that the laundering durability 
of AgNPs coated textiles is poor due to washing-off as a result of poor anchoring. 
Besides, the colouration of the substrate is inevitable due to the deposition of 
AGNPs through chemical reduction methods. In order to obtain robust fixation of 
AgNPs onto cotton fabric, various solutions were explored by researchers. One of 
the approaches is the pre-functionalization of the surface to achieve covalent 
bonding of AgNPs to the cotton substrate. As silver can link covalently with thiol 
groups, researchers have attempted surface functionalization of both cotton 
fabric143 and AgNPs144 with thiol-groups.   




Figure 2.12 Anchoring of AgNPs to cotton fabric: a) treatment with 3- 
Mercaptopropyltrimethoxyailane;144 b) treatment of fabric with mercaptoacetic 
acid;143 c) formation of silver-amino terminated hyperbranched polymer145 
Another approach is the complexion and trapping of AgNPs in polymer or 
compounds. For instance, Ibrahim and co-workers135 attempted to combine AgNPs 
with the easy-care finish, while Zhang and co-workers145 formed a complex of 
AgNPs and hyperbranched polymers. However, most of these methods lead to 
either marginal improvements or involve complex synthesis.  
On the commercial front, silver-based antimicrobial formulations are 
predominantly employed in recent years (Table 2.2). Most of these products claim 
to achieve durable antimicrobial activity after multiple home launderings. Although 
the chemistry behind most of these products is not divulged, it is certain that these 
products contain a mixture of silver and a polymeric binder.    
2.4.2 Cationic compounds based antimicrobial textiles  
2.4.2.1 Quaternary ammonium compounds 
QACs although have been accepted as disinfectants in household applications, 
this class has experienced moderate commercial success compared to other 
antimicrobial agents. The first QAC compound rolled out as an antimicrobial agent 
was Dow corning 5700 which is an organo-silicon compound, 3-
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trimethoxysilylpropyloctadecyldimethyl ammonium chloride.146 It is the 
condensation of alkoxysilane groups of this compound with hydroxyl groups of 
cellulose that offers long-term stability. There are reports on grafting cotton with 
anionic compounds which then, in turn, interacts with QAC compounds. This 
approach was adopted by Son and co-workers147 to immobilize QAC compounds 
such as cetylpridinium chloride, and benzyldimethylhexadecyl ammonium chloride 
through grafting of -SO3-groups on cotton fabrics.   
It is important that being low molecular compounds, hinged on merely 
electrostatic forces, QACs can leach out easily and may present a durability 
concern.124 The rising interest to achieve anchoring of quaternary ammonium-
based polymers to textile substrates (including cotton fabrics) can be attributed to 
the pioneering work by Klibnov and his group in 2001.148 They derivatized (Figure 
2.13) textile fabrics for anchoring polymers containing amine groups through graft 
polymerization, which was followed by quaternization of an amine group. Based 
on this approach, graft polymerization of 4-vinylpyridine,149 polyethylenimine,150 
1-butyl-3-vinyl imidazole chloride,151 [2-(Acryloyloxyethyl)]trimethylammonium 
chloride152 on cotton fabric has been reported in the literature through chemical,149 
photochemical150 and radiation induced grafting.151-152  
 
Figure 2.13 Schematic of reaction sequence involving derivatization of cotton 
followed by grafting of a QAC based polymer127 
Another approach for robust anchoring is to bind a QAC compound with an 
organosilane backbone. This way, the condensation of siloxane group with 
hydroxyl groups of cotton is used advantageously to obtain a durable coating. 
Based on this approach, Chen and co-workers153 synthesized a reactive siloxane 
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sulfopropylbetaine (Figure 2.14a), and Bouloussa and co-workers154 (Figure 
2.14b) coated a co-polymer of polyvinylbenzene containing a trimethoxysilane part 
and a QAC salt. Similarly, Izmylov and co-workers155 (Figure 2.14c) incorporated 
imidazolium salts onto cotton fabric. Although most of these techniques offer a 
degree of permanency to clothing, the synthesis is often multi-step, cumbersome 
and involves the use of organic solvents.  
 
Figure 2.14 Various approaches for incorporation of QAC compound with 
organosilane backbone: a) siloxane sulfopropylbetaine;156 b) polyvinyl benzene 
copolymer,154c)1-Hexadecyl-3-(6-hydroxyhexyl) imidazolium chloride 
compound155 
2.4.2.2 PHMB based antimicrobial textiles 
PHMB is a broad-spectrum cationic antimicrobial agent which is widely used 
in various applications areas. For the past two decades, Reputex 20, which is a 20% 
aqueous solution of PHMB, has been used as an antimicrobial agent for textiles. 
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Owing to the limited opportunities of binding (through electrostatic interactions), 
it is most suitable for cellulosic fibres than synthetic fibres. In the case of cotton, it 
binds with the carboxylate anions of cotton cellulose generated during bleaching. 
A great deal of work has been done to study the interaction of PHMB and its 
absorption on cotton substrates in both undyed and dyed conditions. It was proved 
through the study of adsorption isotherms and computational chemistry that at low 
PHMB concentration, cellulose forms electrostatic bonds with cationic sites of 
PHMB obeying the Langmuir-type isotherm.157 Whereas, at higher concentrations, 
Freundlich isotherm holds true indicating an interaction through hydrogen bonding 
forces.157 Kawabata and co-workers observed the absorption dynamics of PHMB 
on undyed cotton fabrics and compared it with fabric dyed with reactive dyes.16, 158-
159 They observed that due to increased opportunities for ion-ion linkages between 
anionic sulfonic acid groups and PHMB (Figure 2.15), the uptake of PHMB is 
higher for dyed fabrics than the undyed fabric. Ironically, the interactions of PHMB 
with dye molecules turn out to be stronger than interaction with carboxylate ions, 
which was shown to jeopardize the antimicrobial activity.  
 
Figure 2.15 Interaction of PHMB with cotton16 
There have been scarce attempts to improve the anchoring of PHMB with 
cotton beyond ionic interactions. Only the work of Chadeau and co-workers160 
developed a patented process of forming a complexation between PHMB and 
certain polymers to produce antimicrobial cotton fabric.  
2.4.2.3 Chitosan-based antimicrobial textiles  
Chitosan being a nontoxic, biodegradable and biocompatible natural polymer 
is an ideal antimicrobial agent. Besides, for textiles, it is also incorporated for 
dyeing improvements and crease-resistant finish.118 The current focus of research 
on chitosan seems to be on improving the durability and antimicrobial action by 
introducing chemical functional groups. Immobilizing chitosan on cotton substrates 
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through techniques other than conventional “chitosan only” has been explored by 
many workers. Gomes and co-workers devised LbL assembly of chitosan and 
alginate on cotton fabrics.161 The resultant fabrics have shown superior 
antimicrobial activity against S. aureus and K. pneumoniae. Joshi and co-
workers162 also explored LbL technique with chitosan nanoparticles and 
poly(sodium-4-styrene sulfonate).  In another attempt, Sharaf and co-workers163 
designed various anchoring strategies for chitosan immobilization on cotton 
substrates. They explored the incorporation of moieties such as cyanuric chloride, 
sodium hydroxydichlorotriazine, butane 1,2,3,4-tetracarboxylic acid and 
glycidyloxypropyltrimethoxysilane. On the similar lines, Hebeish and co-
workers164 studied the combination of butane tetra carboxylic acid and chitosan 
with different molecular weights. Some other methods such as UV curing of 
chitosan coatings165 and plasma pre-treatments.166 were also explored. 
Another important area of research is to introduce quaternary ammonium 
moieties for improving water solubility as well as enhancing the action of chitosan. 
Feng and co-workers166 synthesized (Figure 2.16) quaternary ammonium chitosan 
derivative, N-benzyl-N,N-diethyl chitosan quaternary ammonium salt, which adds 
up an additional positive charge in the chitosan unit. Similarly, Fu and co-
workers167 also introduced quaternary ammonium moiety in chitosan through 
Schiff base reaction.   
 
Figure 2.16 Reaction showing introduction of a quaternary ammonium group into 
chitosan166 
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2.4.2.4 N-halamine based antimicrobial textiles 
N-halamine compounds were first proposed as disinfectant way back in 
1969.119 Various research groups have devoted their efforts to assimilate N-
halamine compounds in the form of polymers, films and coatings. Worley and his 
group made a valuable contribution in developing N-halamine based compounds 
for water disinfection.120 Sun and co-workers168 were the first to coat dimethylol 
dimethylhydantoin on cotton fabrics through cross-linking. From thereon, various 
N-halamine compounds were explored in order to achieve improved anchorage and 
better efficiency. Most of the coating compounds and polymeric coatings being 
developed are primarily based on 5,5-dimethyl hydantoin (Figure 2.17) as a pre-
cursor,35, 44, 106-107, 169-173 while certain acyclic amides have also been utilized by 
researchers.105, 174-175 The inclusion of the hydontoin precursor is chiefly carried out 
by undertaking chemical modifications, as n-halamine moiety is unable to react 
with cotton fabric on its own. Some of the key modifications are the inclusion of 
reactive groups in precursor backbone,107, 169-170, 176 and the inclusion of a precursor 
moiety as a functional group into a monomer,83 or a copolymer.106, 171-172, 175 The 
modified compounds are mostly applied by conventional pad-dry-cure technique.  
 
Figure 2.17 N-halamine precursors: a) 5,5-dimethylhydantoin;177 b) 2,2,5,5-
tetramethylimida- zolidinone;169 c)7,7,9,9-tetramethyl-1,3,8 
triazaspiro[4.5]decane-2,4-dione 169 
Kocer and co-workers178 designed 5,5,-diaklylhydantoin siloxanes by using 3-
chloropropyl trimethoxysilane. On the similar lines, Ren and co-workers,169 
modified N-halamine precursors 5,5-dimethylhydantoin; 7,7,9,9-tetramethyl-1,3,8-
triazaspiro[4.5] decane-2,4-dione,2,2,6,6-tetramethylpiperidine and 
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tetramethylimidazolidin-4-one by introducing siloxane groups through reaction 
with (3-chloropropyl)trimethoxysilane. Similarly, Cheng  and co-workers179 
(Figure 2.18a) synthesized a N-halamine precursor with 3-
aminopropyltriethoxysilane and 3-glycidyl-5,5-dimethylhydantoin. 
Apart from siloxanes, epoxy groups and hydroxyl groups were also studied. 
For instance, Ma and co-workers176 (Figure 2.18b) synthesized 1-glycidyl-s-
triazine-2,4,6-trione through the reaction of the cyanuric acid with epichlorohydrin. 
Further Ren and co-workers44 (Figure 2.18c) synthesized modified 5,5-
dimethylhydantoin with 3-chloropropanediol to introduce hydroxyl groups which 
were useful for cross-linking with cotton through a reaction catalysed by carboxylic 
acids. In order to improve the coating stability, copolymers were synthesized 
decorated with reactive groups (epoxy, silane) and a hydantoin precursor. Kocer 
and co-workers171 synthesized a copolymer of 3-chloro-2-
hydroxypropylmethacrylate and glycidyl methacrylate which was anchored to 
cotton through a reaction between hydroxyl groups and an epoxy group. The coated 
fabric was then subjected to a treatment with hydantoin salt which reacted by 
replacing chlorine atom of the copolymer. Various other workers also synthesized 
copolymers through epoxy and silane functionalities.106, 172-173 Apart from 
copolymers, LbL technique has been also investigated for the inclusion of n-
halamine precursors onto cotton fabric.180-181  
 
Figure 2.18 N-halamine precursors with functional groups in the backbone : a) 
siloxane; b) epoxy; c) hydroxyl 
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2.4.2.5 Novel areas of antimicrobial treatment  
It is obvious that there is not an ideal antimicrobial agent which fulfils all the 
desired attributes. Hence, there is a hot pursuit to address aspects such as durability, 
high efficiency and environmental-friendliness. To this end, some of the metallic 
oxides such as ZnO,84 TiO2182 have been immobilized and shown to possess 
superior antimicrobial properties.  In another approach, synergistic combination of 
two antimicrobial agents has been reported by many workers; the modified fabrics 
can thus show dual biocidal action. Some of the combinations are silver-chitosan,183 
chitosan-QAC,184 chitosan-halamine185 and halamine-QAC.35, 186 Recently, the use 
of photosensitive chemicals has attracted the interest of researchers. With the 
inclusion of these materials, the fabric can generate reactive oxygen species under 
UV irradiation and exert antimicrobial killing.187 For instance, Hou and co-
workers187 immobilized 3,3’,4,4’-benzophenone tetracarboxylic acid onto cotton 
fabric. Zhou and Sun188 recorded that the cotton fabric dyed with anthraquinone vat 
dyes also exhibited photo-catalysed generation of reactive oxygen species.  
Owing to the greater emphasis on the environmental impact of the synthetic 
chemicals, there is a renewed interest for the inclusion of natural agents into 
textiles. Nogueira and co-workers189 attempted to deposit L-Cysteine, a protein, 
onto cotton fabrics. The modified fabrics exhibited good antimicrobial activity. 
Similarly, the inclusion of plant products such as essential oils,190-191 extracts 
(neem,192 curcumin193) is also gaining attention. A major challenge with plant 
products is poor durability due to issues such as volatility of active agents and lack 
of reaction sites.        
2.5 Superhydrophobic surfaces 
2.5.1 Introduction 
The wetting of a surface with water is the result of interaction of liquid, solid 
and air interfaces. Wettability of surfaces has become a subject of  interest as this 
simple phenomenon has a remarkable influence in real-life situations. For instance, 
application areas such as anti-icing, anti-corrosion, oil-water separation, self-
cleaning surfaces, optical devices, drug delivery are based on the principle of 
extreme resistance to wetting.194-195  
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 Generally, if a water droplet undergoes absorption or spreading on a porous or non-
porous surface, the surface is a hydrophilic one. On the contrary, a hydrophobic 
surface is one in which the water droplet sits atop the surface passively. To this end, 
superhydrophobicity is a property of a surface that exhibits extreme water-repelling 
behaviour.  A quantitative measure of the extent of surface wetting is represented 
by a contact angle (CA), which is an indicator of the degree of adhesion of a water 
drop to a solid surface.  CA (θ) on a surface can be measured by the well-known 
Young’s equation194 
γsv= γsl + γlv cosθ 
here, γsv, γsl and γlv represent the interfacial free energies per unit area of the solid–
gas, solid–liquid and liquid–gas interfaces.  
 In addition to the CA, the other two important methods to measure a 
superhydrophobic surface are the sliding angle (also called tilt angle or roll-off 
angle) and CA hysteresis. Sliding angle is the angle of the surface at which the 
droplet can roll-off it.196 CA hysteresis is the difference between the advancing 
angle and the receding angle at the front and back of a moving water droplet on a 
tilted surface.197-199 Though the term superhydrophobicity was introduced in the 
late seventies, it was not until Barthlott and Neinhuis’198 work on lotus leaves that 
fetched this subject in limelight. The characteristics behaviour of lotus leaves, to 
stay clean and pure even in muddy water can be attributed to its superhydrophobic 
surface.200 Water drops falling on lotus leaf get easily rolled off the surface taking 
away dirt off the surface. This phenomenon is termed as “self-cleaning” or “lotus-
effect” in the literature.199, 201 The superhydrophobicity of lotus leaves can be 
gauged from the  highest CA (> 160º), and lowest sliding angle (~ 4º). 197 Barthlott 
and Neinhuis attributed this phenomenon to the presence of epicuticular wax and 
the microstructure of the surface. More importantly, Feng and co-workers202-204 
discovered that the lotus leaf has a unique surface topography. They confirmed the 
presence of dual-scale roughness, where micrometer size papillae are covered with 
fine nanostructures and nanoscale tubular wax crystalloids. Like lotus leaves, 
countless plants and insects exhibit superhydrophobicity which is important for 
their survival.203, 205 While the work of Barthlott and Neinhuis was an impetus for 
developing artificial superhydrophobic surfaces, it also reintroduced the wetting 
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theories developed in the late 30s and early 40s to study the behaviour of waterproof 
fabrics.  
2.5.2 Theoretical background  
Based on Young’s equation, it has been accepted that surfaces that have a CA 
θ<90° are considered as hydrophilic; whereas those that have a CA > 90° are known 
as hydrophobic.205 Superhydrophobic surfaces show a water CA > 150° and thus 
drastically reduces the adhesion between a surface and water.201Young’s equation 
holds good for a smooth surface free of any protrusions.195, 206-207 In reality, surfaces 
possess a microscopic texture which is far from being smooth. Therefore, Young’s 
equation is inadequate to explain the wetting behaviour of surfaces with a CA > 
90° . 
 
Figure 2.19 Different states of wetting: a) hydrophilic state; b) Wenzel state; c) 
Cassie-Baxter state 
The role of surface roughness in imparting high water CA was first recognized 
by Wenzel in 1936 while working on waterproof fabrics.208 The Wenzel equation 
can be written as: 
cos θ*= r cos θ 
where, θ*  is the apparent CA and r is the roughness factor defined as the ratio of 
actual surface area and the geometric surface area. Thus, a roughened surface 
changes the CA behaviour making hydrophilic surface more hydrophilic and 
hydrophobic surface more hydrophobic.200  The wetting of the surface, in this case, 
is termed as homogenous wetting,198 where the liquid fills the rough grooves 
(Figure 2.19 b). The Wenzel model is also referred to as a surface with a “sticky” 
state.209 This means although the water drop exhibits high CA, it adheres strongly 
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to the surface thereby resulting in high CA hysteresis and high (or even no) sliding 
angle. The superhydrophobic behaviour can be better explained by the Cassie and 
Baxter model. The equation proposed is: 
cos θ* = f( 1 +cos θ) – 1 
 where, θ* is the apparent CA and f  is the fraction of solid/water interface.  
As shown in this equation, this model proposes that air bubbles get trapped 
beneath the liquid-solid interface resulting in the generation of air pockets as shown 
in Figure 2.19c.194, 198, 201 The liquid drop sits atop on the asperities resulting in 
minimum contact with the surface and hence is referred as “non-sticky” state 
showing easy roll-off and low CA hysteresis.  Cassie-Baxter state is referred to as 
“non-sticky”, underscoring least adhesion between the droplet and the surface.196  
Though the fundamental theories explain the superhydrophobicity, in reality, 
a liquid droplet can experience the transition from the Cassie-Baxter to the Wenzel 
state under the influence of pressure, impact and vibrations.203  Therefore, there is 
still scope to broaden the understanding by developing new models and theories.197  
2.5.3 Developments in superhydrophobic cotton fabrics 
In order to design artificial superhydrophobic surfaces, there are two prime 
requirements. The introduction of hierarchical (microscale & nanoscale) structure 
and lowering surface free energy of the surface.196-198, 202 Several ways of 
fabrication of superhydrophobic surfaces can be found in the literature. Wang and 
co-workers205 grouped the methods as physical, chemical and combined methods. 
Bellanger and co-workers196 divided the methods into top-down and bottom-up 
approaches. Xue and Ma210 classified the techniques on the basis of the roughness 
generation, one where substrate itself is roughened and the other where extra-
substrate nanostructures are added for roughness. Textiles, possessing unique 
structures, need a different classification than the conventional one. Therefore, 
superhydrophobicity generation of fabrics is classified as “one-component” and 
“two-component” techniques (Figure 2.20). The “one-component” process 
involves exploiting inherent micro-scaled roughness of woven fabrics offered by 
the fibrous structure inherently; while the nano-scale roughness is provided by the 
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multilayers of nodules, bump and serrations of the coatings of hydrophobic 
compounds over the surface of fabrics. 
 
Figure 2.20 Synthesis of superhydrophobic coating on textile substrates 
The one-component process is generally carried out by the use of graft 
polymerization of fluorinated methacrylate based copolymers.211-215 The two-
component system can either be carried in one step or in two steps. The extra-
structure for generating dual scale roughness can be incorporated prior to, or 
together with, the lowering of surface free energy by the deposition of hydrophobic 
compounds. In the case of one step, a composite mixture of inorganic nanoparticles 
(silica, TiO2 , ZnO) and hydrophobic moieties (fluoro silane/alkyl silane) is applied 
onto fabric either through in-situ deposition216-218 or through the coating of the pre-
formed219-224 process. The two-step process involves deposition of inorganic NPs 
(silica,225-227 silver,228 TiO2,229 ZnO230-232) as the first step. Then the roughened 
textiles are subjected to deposition of hydrophobic compounds (fluoro-alkyl 




Table 2.4 Dual functional coatings on textiles reported in the literature 
 







cotton nano Ag octyltriethoxysilane 149 E.coli - ZOI- 1.5 mm - 233 S. aureus - ZOI- 3.0 mm - 
cotton nano Ag hexadecyltrimethoxysilane 151 E.coli - ZOI- 6.84 mm - 228 
cotton nano Ag octyltriethoxysilane 156 E.coli - ZOI- 2 mm - 129 S.aureus - ZOI- 3 mm - 
cotton nano Cu hexadecyltrimethoxysilane 155 E.coli - 92% - 234 S.aureus - 99% - 
cotton nano Ag fluoroalkylsilane 150 S.aureus - 100% 10 wash- 0% 235 
cotton Si-QAC  fluoroalkylsilane 150 E.coli - 80% 10 wash - 30% 
236 
cotton -  perfluorooctyltriethoxysilane 150 E.coli - 100 % 10 wash - 60% 237 
cotton -  perfluorooctyltriethoxysilane 150 E.coli - 90% - 238 S.aureus - 80% - 
PET QAC   perfluoro polymer 140 S.aureus - 99.99% NA 239 
PET/Vis PHMB Perfluoro polymer 109 S.aureus - - - 17 
Nomex Ag-MgO heptadecafluorotriethyoxy silane   150 
E. coli 100 - - 240 S. aureus 100 - - 
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2.5.4 Dual-functional antimicrobial and superhydrophobic textiles 
Research in textiles often aims at devising textiles capable of having multiple 
functionalities. Recently, there is a growing interest in developing dual functional-
antimicrobial and superhydrophobic fabrics. Table 2.4 summarizes the dual 
functional coatings reported in the literature. Such textiles were first proposed by 
Huang and Leonas for surgical gowns in the year 2000.136 After a brief hiatus, 
interest in this field was rekindled by Tomsic and co-workers.124 They combined 
flurosilane and AgNPs to synthesize antibacterial and oil repellent cotton fabrics. 
From thereon, work was reported on  substrates such as cotton,125-128 
cotton/polyester130 and even high-performance fibres.135  
2. 6 Pertinent gaps and opportunities  
2.6.1 Gaps in the research on antimicrobial agents and cotton substrates  
The following sections outline the shortcomings of the existing technologies 
of antimicrobial agents.  
2.6.1.1 Silver 
Silver exerts its antimicrobial action through the release of ionic silver (Ag+); 
however, it must be remembered that ionic silver is also shown to be toxic for 
mammalian cells due to its interaction with the thiol group of proteins within 
mammalian cells.140 In addition, laboratory scale studies have confirmed the release 
of AgNPs into the washings from the treated textiles. Since silver ions are also 
known to be detrimental to the aquatic ecosystem, its release into the public sewer 
system through washed clothing is becoming a hot issue. Mitrano and co-workers241 
realized that upon washing non-nano or AgNPs- based textiles, the released silver 
ions can speciate between ionic silver, silver salt and metallic silver in the 
wastewater. They also proved that “conventional silver” containing textiles also 
released AgNPs in the washings. The health hazard of AgNPs to the environment 
and public health is an issue that has been poorly managed by regulatory authorities 
due to the knowledge gaps arising from the complexities of nanoscale nature.31, 103  
This confusion is also reflected on the part of manufacturers. For instance, Lorenz 
and co-workers242 during their study observed a discrepancy in the labelling of 
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antimicrobial textiles by manufacturers; where textile claimed to contain 
“conventional” silver were in reality based on AgNPs. There are also concerns 
raised regarding exposure of humans to AgNPs through dermal or ingestion 
route.243-245  
Though silver-based antimicrobial finishing chemicals are claimed to possess 
a durability of 50 wash cycles,246 it is worth noting that silver works on leaching 
principle and it suffers the fate of gradual loss in activity over the use.10  
2.6.1.2 Cationic compounds 
Unlike silver, QACs appear to have no health and environmental hazards 
during manufacturing or usage of antimicrobial textiles made thereof.  However, 
most of the important QACs (except silane-QACs), though useful as a disinfectant 
in other fields, cannot offer reasonable durability onto textiles owing to the lack of 
functional groups.42 Some of the methods employed by researchers to functionalize 
QACs consist of multi-step, cumbersome chemical reactions and hence are not 
practically feasible. Similarly, chitosan is a biodegradable and biocompatible, yet 
it can’t be anchored permanently and also its inclusion affects the handle of the 
fabric. 
 One of the important cationic antimicrobial agents, PHMB appears to have a 
distinct advantage of forming ionic as well as hydrogen bonding with cotton 
substrates. Furthermore, unlike low molecular QAC compounds, PHMB contains 
multiple biguanide groups in polymeric chains, thus offering more binding sites 
without sacrificing the microbial killing efficiency.64 It is also important to note 
that PHMB falls in the category of a bound antimicrobial meaning there is no need 
of the agent to leach out. Additionally, it is a US-EPA approved agent and the fact 
that it has been widely used as disinfectant for non-food and food contact 
materials,158 swimming pool sanitizer15 underscores its safety toward human 
beings. Reputex 20, a 20% aqueous solution of PHMB, is a commercialized 
antimicrobial agent for textiles. The application procedure of PHMB is innocuous, 
being based on aqueous solutions and no toxic solvents are involved. The 
manufacturers of Reputex 20 claim a laundering durability of 50 washes for the 
treated textiles.247  




 N-halamines, possess a broad-spectrum antimicrobial activity, and a great deal 
of research work is reported on the durable N-halamine coatings on cotton fabrics.  
However, the need for periodic recharging by halogen to restore the activity 
coupled with the potential oxidative damage of coloured fabrics might have been 
the reasons of fewer commercialization efforts for this technology.  
As regards, the novel technologies discussed earlier, it can be seen that most 
of the novel areas pursued by researchers show excellent antibacterial activity. 
However, poor wash durability of these technologies or omission of the durability 
studies altogether could act as a deterrent for commercial exploitation. Besides, 
complex synthesis steps, use of harmful solvents are other major problems 
associated with these technologies.   
2.6.2 Gaps in the research on superhydrophobic cotton 
It is worth noting that, most of the research reports have employed long-chain 
hydrocarbon and fluorocarbon compounds to achieve a superhydrophobic state. It 
was a preferred chemistry for manufacturing water repellent textiles. However, 
since the year 2000, the evidence of environmental/health hazards of fluoroalkyl 
compounds has resulted in a voluntary ban by manufacturers in using the long-
chain perfluoroalkyl compounds (PFCs). The long-chain PFCs employed in 
manufacturing water-repellent textiles release toxic by-products such as 
perfluorooctanoic acid (PFOA) and perfluoro sulfonic acids (PFOS).248 Therefore, 
manufacturers have shifted their focus to using short-chain (carbon atoms < 8) 
fluoroalkyl compounds. In fact, there have been efforts toward developing a non-
fluorine based alternative altogether.248  
Secondly, the wash durability of superhydrophobic properties for non-
fluorinated compounds (e.g. alkysilane) is poor,249 whereas the fluorine based 
compounds tend to offer durability against washing. However, these studies have 
either employed long-chain PFCs250 or have resorted to using short-chain 
fluorinated acrylate copolymers.251 The problem with the fluorinated acrylates is 
that most of these methods involve complex synthesis steps and are based on a toxic 
solvent for the application (e.g. methanol, tetrahydrofuran).213, 251-252 Hence, 
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durable yet environmentally friendly superhydrophobic coating for cotton textiles 
has become one of the highly pursued areas.  
2.6.3 Opportunities for novel contribution 
2.6.3.1 Role of superhydrophobicity in microbe adhesion  
Bacteria generally exist in two types of population: planktonic, freely existing 
in bulk solution, and sessile, as a unit attached to a surface or within the confines 
of a biofilm.253 Biofilm is an accumulated biomass of bacteria and extracellular 
materials on a solid surface in a liquid interface.254-255 Biofilm formation on 
surfaces can be harmful as it can cause infections in healthcare environment, or can 
result in food contamination in food processing industries. Biofilm growth on 
textiles is also relevant especially in a healthcare environment.  
 
Figure 2.21 Schematic explaining biofilm formation on a surface through the 
adhesion of bacteria 
Figure 2.21 explains the process of biofilm formation on a surface. It can be 
seen that the single-most important step is the attachment of bacteria to the surface. 
Hence, some of the strategies to prevent bacterial attachment are immobilization of 
protein-blocking polymers on the surface, imparting antimicrobial coatings, 
photoactive coatings and use of structured surfaces.256 Recently, there is a growing 
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interest in employing superhydrophobic surface to exercise control over biofilm 
formation. Biofilm formation though a complex phenomenon, it starts with the 
attachment of individual bacterial cells. Superhydrophobic surfaces can repel 
liquids thereby restricting the attachment of bacterial cells and thereby avoiding the 
formation of biofilms. Ironically, there are numerous reviews196, 200, 202-205, 209-210, 
257-260 on the topic of superhydrophobic surfaces and their applications, however,  
only a handful of reviews195, 197 have taken cognizance of the inhibition potential 
of superhydrophobic surfaces.  
Various research works have confirmed the ability of superhydrophobic 
surfaces to inhibit bacterial adhesion.20-25 However, there are also contradictory 
reports of hydrophobic surface facilitating bacterial attachment.24 The conflicting 
role played by hydrophobicity must be seen in the light of the multiple factors that 
govern the process of bacterial adhesion. The three factors, the substrate (chemical 
composition, surface charge, hydrophobicity, surface roughness), bacteria (surface 
charge, hydrophobicity) and the surrounding medium (pH, temperature, flow 
conditions) all influence the bacterial adhesion resulting in a complex 
phenomenon.261-263 Hence, the potential of superhydrophobic fabrics in exercising 
control of bacterial attachment is a valued proposition. However, very few 
researchers in textiles are wary of this phenomenon; as most of the research on 
superhydrophobic textiles is pursued to obtain the “lotus effect”. Several research 
reports on the dual functional cotton fabric have neglected the potential of bacterial 
adhesion inhibition. Some researchers235, 237-238 have noted and mentioned this 
aspect of superhydrophobicity, but have not pursued it as an independent 
investigation. In this context, there is an opportunity to evaluate and study the 
potential of dual functional fabrics in the biofilm formation.  
2.6.3.2 Synthesis of Dual functional cotton fabric 
Cotton fibre is a unique natural fibre endowed with unmatched properties such 
as softness, strength, durability, heat resistance and moisture wicking ability. 
Moreover, bed linen found in hospitals is predominantly made from 100% cotton 
fabrics.9  Cotton, owing to the cellulosic nature possesses abundant hydroxyl 
groups opening up the possibility for chemical modifications.  Hence, this work is 
an attempt to contribute to the development of antimicrobial textiles especially 
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suitable for cotton substrates utilized in hospital environments. Furthermore, 
considering the advantages of PHMB, the main aim of this work is to deposit 
PHMB and a hydrophobic agent on cotton fabric substrates. For this, two different 
routes are explored: LbL assembly and one-pot coating. The deposition of 
multilayers assembly on textiles is a well-known area and quite a few publications 
have already reported LbL assembly on fabrics to impart functionalities such as 
antimicrobial activity, flame retardency and hydrophobicity. PHMB has been well-
known as an antimicrobial agent for textiles. It is generally incorporated by 
conventional wet processing techniques such as exhaust and pad-dry finishing. 
However, in spite of its cationic nature, PHMB has so far not been explored in the 
LbL assembly to impart antimicrobial performance to textiles. Hence, this work is 
attempting to investigate the area of LbL deposition of PHMB on cotton fabrics. 
Secondly, this work will also explore anchoring of PHMB to cotton substrate 
through covalent anchoring. For this purpose, a cross-linker will be deployed for 
making interconnections between PHMB and cellulose chains of cotton. In this 
work, the deposition of the antimicrobial agent and the hydrophobic agent will be 
carried out from one bath itself.           
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Chapter 3 Materials and characterization techniques 
This chapter provides the detailed description of the materials used, the 
characterization techniques and the test methodologies employed during the current 
work. Apart from the evaluation of antimicrobial performance, other important 
aspects such as selection of a neutralizing agent and the neutralization recipe are 
also discussed.   
3.1 Materials 
3.1.1 Fabrics 
Cotton fabric (155 g/m2, plain weave, scoured and bleached) was procured 
from Spotlight, Geelong. In order to remove left-over impurities and finishing 
chemicals, fabrics were washed at 60-70 °C in ECE reference non-phosphate 
detergent (0.5 gms/L) solution followed by vigorous washing under running tap 
water. Afterwards, fabrics were rinsed in acetone, ethanol and washed thoroughly 
under running tap water. The fabrics were then dried in air and stored in a 
conditioned atmosphere. A good water absorbency obtained after fabric cleaning is 
considered as an indicator of impurity removal thereby ensures pristine state of the 
substrate.  
3.1.2 Chemicals 
A 20% aqueous solution of polyhexamethylene biguanide hydrochloride 
(PHMB) which is available as Reputex 20TM was procured from Lonza Chemicals 
UK. Ammonium hydroxide (NH4OH, 28%), 1,2-epoxyhexadecane (C16H32O; 85% 
technical grade), polyacrylic acid (Mw 100,000; 35 wt% in water), resorcinol 
diglycidyl ether (C12H14O4), sodium hypophosphite monohydrate (NaPO2H2 H2O; 
99%), trimethoxyoctadecyl silane [CH3(CH2)17Si(OCH3)3; 90% technical grade], 
tetraethyl orthosilicate [Si(OC2H5)4;99%], eosin Y disodium salt (90%) sodium 
citrate dehydrate [HOC(COONa)(CH2COONa)2.2H2O; 99%] were procured from 
Sigma-Aldrich, Australia. Ethanol (C2H5OH, 99%), sodium chloride (NaCl) were 
procured from Chem supply, Australia. Some of the chemical structures are shown 
in Figure 3.1. 




Figure 3.1 Chemical structures of some of the prominent chemicals utilized in the 
current work: a) PHMB; b) polyacrylic acid; c) resorcinol diglycidyl ether; d) 1,2-
epoxyhexadecane; e) trimethoxy octadecylsilane; f) tetraethyl orthosilicate 
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3.1.3 Microbiology media  
Escherichia coli (E.coli, ATCC 11229), a Gram-negative organism, was the 
test organism employed for the evaluation of antimicrobial performance and was 
procured from ATCC, USA. The parent culture was stored in a -80 °C freezer. The 
media and chemicals used in the antimicrobial testing were procured from Thermo 
Fisher Scientific, Australia. The media included modified tryptone soya broth, 
tryptone soya agar, tryptone, plate count agar and chemicals included L-alpha-
lecithin and Tween 80 surfactant. 
3.2 Characterization techniques 
3.2.1 Fourier Transform Infrared Spectroscopy (FTIR)  
The surface chemistry of the treated fabrics was analysed by using FTIR 
technique on a Bruker vertex 70 spectrometer (Figure 3.2). An FTIR spectrum in 
attenuated total reflection (ATR) mode was acquired by placing the fabric in firm 
contact with a diamond crystal. The scanning range was selected from 400-4000 
cm-1 with an average of 64 scans. The spectra were processed by OPUS software 
to obtain averaging, baseline correction and smoothness. 
 
Figure 3.2 FTIR spectrophotometer 
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3.2.2 Scanning electron microscopy (SEM) 
The morphological features of the treated fabrics were studied by field 
emission scanning electron microscopy (FE-SEM) on a Zeiss Supra 55VP 
instrument. The fabric samples were gold coated (5 nm) to avoid accumulation of 
electrons and subsequent charging of samples. The acceleration voltage applied 
was in the range of 2-3 kV and the working distance was varied from 5-10 mm with 
an aperture size of 7.5 µm in order to obtain high resolution images with minimum 
astigmatism, especially at higher magnifications. The SEM images were taken to 
understand the coating morphology and the extent of deposition on fibre surface. 
3.2.3 X-ray photoelectron spectroscopy (XPS) 
XPS is an important surface-sensitive technique used for detecting the 
elemental presence and the chemical bonding. For the present work, the XPS 
spectroscopic data was collected by Centre for Materials and Surface Science at La 
Trobe University, Bundoora, VIC. Survey scans and high-resolution spectra (C 1s, 
O 1s, N 1s) were recorded for treated and untreated fabrics using a Kratos Axis 
Ultra system with a monochromated Al Kα X-ray source. The collected data was 
processed using CasaXPS software to obtain the elemental composition and 
chemical bonding by studying the high-resolution spectra. All spectra were 
calibrated using the C1s maximum intensity corresponding to C-C bonding.  
3.2.4 Ellipsometry 
Ellipsometry is an optical technique employed to characterize thin films for 
various properties such as thickness, composition and roughness. In this work, the 
films prepared with layer-by-layer methodology were analysed on a silicon wafer 
at the Melbourne Centre for Nanofabrication. The ellipsometry measurements were 
performed on a variable angle spectroscopic ellipsometer (J.A. Woollam M2000-
DI) with a wavelength range of 192-1690 nm, capable of measuring between 45 
and 80 degrees. 
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3.3 Physical properties of fabrics 
3.3.1 Air permeability 
Air permeability tests were carried out using a FX 3300 air permeability tester 
of Textest instruments (Figure 3.3). The measurements were performed in 
accordance with the ISO 9327 test method at 100 Pa on 20 cm2 area. Eight 
individual readings were averaged to obtain air permeability in a unit of l/m2/s. 
 
Figure 3.3 Air permeability tester 
3.3.2 Flexural rigidity 
Handle characteristics of the treated fabrics were analysed by evaluating 
stiffness on an SDL Atlas fabric stiffness tester (Figure 3.4). This method is based 
on a principle of cantilever deformation, wherein a fabric is deformed under its own 
weight to a predetermined angle.264 For this, an Australian test standard AS2001.2.9 
method was employed wherein the bending length of fabric specimen (25 mm wide 
x 250 mm long) was determined in warp and weft direction. The bending length is 
defined as half the length of a specimen which will bend under its own weight to 
an angle of 41.5°. 
From the measurement of the bending length of the specimen, the flexural 
rigidity of fabrics is then calculated by the following equation:  
G = 9.8 x m x C3 x 10-6 




G = flexural rigidity of fabrics in µN-m 
m= fabric mass per unit area (gms/m2) 
C = bending length in mm. 
 
Figure 3.4 Fabric stiffness tester 
3.3.3 Fabric handle 
Handle characteristics of the treated fabrics were also analysed by using the 
wool HandleMeter (Figure 3.5). This instrument provides an objective evaluation 
of primary tactile attributes of fabrics. The test method involves placing a fabric on 
an orifice plate which is subjected to a controlled load by pushing a rod.  




Figure 3.5 Wool HandleMeter 
The extent and the resistance of the fabric against the load are plotted in terms 
of the force-displacement curve by an in-built software. Based on this curve, seven 
primary handle parameters (e.g. clean/hairy, cool/warm, greasy/dry, hard/soft, 
light/heavy, loose/tight, and rough/smooth) are expressed on a rating of 1 to 10, 
where rating of 1 corresponds to the first term of the pair and rating of 10 
corresponds to the second term.265 
3.3.4 Martindale abrasion and pilling tester 
The resistance to abrasion was measured by Martindale abrasion testing 
machine. Here, a woven worsted wool fabric (140 mm diameter), an abradant, is 
placed on a felt and fitted on a circular platform (Figure 3.6). A piece of fabric 
(diameter 38 mm) to be evaluated is then fixed in a disc which is fitted on the top 
of the worsted fabric. The discs are then rotated in a Lissajous motion from a motor 
drive for a fixed number of cycles. 




Figure 3.6 Martindale abrasion and pilling tester 
3.3.5 Colour change characteristics 
The colour related measurements of the treated fabrics were performed on a 
“Datacolor 600” spectrophotometer (Figure 3.7) by selecting standard illuminant 
D65 and 10º observer. The reflectance of the coloured fabric and the colour values 
(L, a, b) were obtained using the DCI software connected to the instrument.  
 
Figure 3.7 Datacolor spectrophotometer 
In order to assess the change in colour after the treatment, CIE whiteness index 
values were recorded. For evaluating the change in colour of the fabric after the 
dyeing tests, K/S coefficient - the ratio of total light absorbed (k) and scattered (s) 
by the substrate, is calculated by using the Kubelka-Munk equation. The spectral 
reflectance (R in %) is used for the calculation: 











The K/S coefficient is primarily used to compare the change in colour strength of a 
substrate.266 
3.4 Chemical and analytical techniques 
3.4.1 Laundering durability 
The laundering durability of treated fabrics was evaluated according to BS EN 
ISO 105-C06:2010, using a washing cycle of 45 minutes at 40 ºC with 10 stainless 
steel balls and 150 mL detergent solution. The “Tween 80” wetting agent was used 
as a detergent. A rotary dyeing machine (Rapid rota dyer) with its stainless steel 
canisters was used for the test. After each test cycle, fabric sample was washed 
thoroughly in running deionized water for several minutes to ensure the release of 
trapped detergent. The washed samples were then dried in air and subsequently 
dried in an oven at 65 oC for 10 minutes. One washing cycle of this test can be 
regarded as equivalent to five domestic launderings. 
3.4.2 Eosin Y dyeing test 
The presence of PHMB on the treated fabric was also analysed by Eosin Y dye 
absorption test in accordance with the literature method.157 A fabric sample of (2 
cm x 1 cm) was immersed in a 10 ml solution containing eosin Y dye (0.6 gms/L) 
and sodium citrate (100 gm/L) for 15 minutes. Subsequently, fabric samples were 
washed in running water and then in hot water to remove loosely held dye particles. 
The samples were subsequently air dried and evaluated for the colour strength in 
terms of K/S coefficient values. 
3.4.3 UV-visible spectrophotometer 
The setting up of the bacterial count was performed on a UV-visible 
spectrophotometer (Figure 3.8). In order to adjust the working culture to a specific 
value of colony forming units, the absorbance of the bacterial culture is measured. 
In most standard test methods, a relation of absorbance and colony forming units 
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has been established. It is incumbent upon the user to measure the absorbance of 
the bacterial culture and adjust it to a specified value by an appropriate dilution 
ratio. 
 
Figure 3.8 UV-Visible spectrophotometer 
3.5 Evaluation of superhydrophobicity 
3.5.1 Contact angle measurement 
Hydrophobicity of samples was expressed in terms of contact angle (CA) 
measured on KSV CAM200 goniometer (Figure 3.9). For each value, 
measurements were performed at 3-4 places on fabric sample with water drop size 
of ~2.5 µL. Attension-theta software connected to the instrument was employed to 
determine CA by using Young-Laplace fitting method.  




Figure 3.9 Contact angle tester 
It is worth noting that obtaining a reproducible CA value on fabric surfaces is 
likely to suffer operator bias owing to the inherent issues involved in this 
measurement approach. Zimmermann and co-workers267 have studied these issues 
and pointed that a minuscule change in factors such as contrast, focus and lighting 
can cause a striking change in the CA values. With textiles, the problem grows 
bigger as the accurate selection of the drop baseline at the fabric-liquid interface is 
difficult due to the fibrous structure.  In such situations, the experience of user 
dictates the accuracy of the measurements and in turn, the reliability of the CA 
values.  
3.5.2 Water-shedding angle (WSA) 
In order to support the CA measurement, measurement of water shedding angle 
(WSA),267 was adopted as an additional method of evaluation. Though WSA 
measurement (Figure 3.10) is principally similar to roll-off/sliding angle, it differs 
in the way of placement of drops. The determination of sliding angle for fabrics, 
too, may lead to irreproducible results as sometimes drop clings to the depressions 
of weave structure and thus would produce a much higher sliding angle or rather 
stick to the surface showing absence of sliding.267 On the other hand, WSA which 
is obtained by allowing a drop to fall from a certain height, can be a true 
representation of the self-cleaning behaviour with a little chance to stick to the 
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surface. WSA is defined as the minimum angle of inclination for the substrate to 
make a drop falling from a certain height completely roll or bounce off. In this 
work, a drop height of 2 cm was selected for the measurement of WSA. Fabric 
surface exhibiting a higher CA value is expected to yield a lower WSA. 
 
Figure 3.10 Schematic showing set-up of WSA measurement 
3.6 Evaluation of Antimicrobial performance 
3.6.1 Selection of Neutralization solution 
The quantitative evaluation of antimicrobial efficiency employed in case of 
textiles is principally similar to the disinfectant and antiseptic efficacy assays; the 
test protocol usually consists of contact of a bacterial inoculum with an active agent 
(in case of textiles, a fabric) for a specified time followed by counting of survived 
cells by dilution and plating. Therefore, even a minute presence of the active agent, 
after the specified exposure time may result in over-estimation of antimicrobial 
activity and jeopardizes the accuracy. In the case of textiles, too, there is a 
likelihood of the carry-over of the antimicrobial agent during the step of elution as 
a result of leaching of the active agent. To counter this predicament, chemical 
neutralization is a most adopted approach wherein a combination of neutralizing 
agents effectively nullify the active agent during the recovery step. 
Use of neutralization has been adopted for the evaluation of disinfectants and 
antiseptic products as also in textiles.268-269  Since, composition of disinfectant may 
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not be always known to the evaluator, a logical approach is to design a universal 
neutralizing solution, the use of which can take care of a wide variety of active 
agents such as halogens, phenols, aldehyde, and quaternary ammonium 
compounds. Accordingly, various combinations of neutralizing solutions have been 
proposed. In the case of antimicrobial textiles testing, test standards suggest 
different compositions of neutralizing agents (Figure 3.11). Moreover, some 
prominent standards contain inadequate details on this issue. For instance, AATCC 
100 test method recommends the use of neutralizing agent but doesn’t advise on 
the selection. As a result, one can find research reports where saline234, 270 or 
deionized water162, 166, 271 is used in place of a neutralizing agent which may result 
in over-estimation of antimicrobial efficiency.  
In order to carry out antibacterial testing of the developed fabrics in accordance 
with AATCC 100 test method, a neutralizing recipe was designed for inactivation 
of PHMB during the recovery step. The decision on neutralization recipe was taken 
in accordance with the   ASTM 1054-02, the standard test methods for evaluation 
of inactivators of antimicrobial agent.272 According to this standard, a combination 
of lecithin/polysorbate 80 is ideal for the neutralization of PHMB. 
 
Figure 3.11 Various neutralization agents recommended by test standards 
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After careful study of all the formulations suggested in the literature following 
neutralization recipe was chosen: 
Table 3.1 Neutralization recipe for PHMB inactivation 
 Constituents Quantity 
(gms/Litre) 
 Lecithin 7 
 Polysorbate 80 20 
 Tryptone, digest of casein 1 
 Sodium chloride 5 
 
In accordance with ASTM D 1054, there are four sub-tests to be carried out to 
determine the suitability of a neutralizing agent. These four sub-tests are as follows: 
A. neutralizer effectiveness; B: neutralizer toxicity; C: test organism viability; D: 
test material control. Test A evaluates the effectiveness of a selected concentration 
of neutralizing agent, test B detects the toxicity of neutralizer towards 
microorganisms. Test C examines if the bacterial culture is healthy and its survival 
in a chemical-free environment. Finally, test D investigates the effectiveness of 
biocidal action of the antibacterial agent.  
Figure 3.12 shows a process flow of major steps to be carried out during the 
actual test. For each sub-test, the solution is inoculated with challenge 
microorganism (Escherichia coli) to obtain 30 to 100 CFU/ml suspension. After 
inoculation, immediate plate count is obtained by pour plate method to estimate the 
initial count. The suspension is then allowed to stand for a specific duration 
identical to the period used for during actual antimicrobial test (2 minutes in the 
present case). Subsequently, a final survival count is obtained through pour plate 
method. According to the standard,  criteria is set for a successful neutralization 
agent. The neutralization can be declared adequate if the final count obtained in 
Test A is not statistically different from the count obtained in test C (test A≈ test 
C), and the final count in test D is statistically less than test C (test C > test D). 
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Importantly, the neutralizer is considered harmless to the culture if there is no 
statistical difference between the final count obtained in test B and test C (test B ≈ 
test C).     
 
Figure 3.12 Schematic showing various stages in the evaluation of a neutralizer 
Three tests were conducted at a PHMB concentration of 20,100 and 500 ppm 
with the selected recipe of the neutralizing agent. Figure 3.13 represents the 
Tukey’s test results obtained after the application of Analysis of Variance 
(ANOVA) test.  




Figure 3.13 Anova analysis of the neutralizer effective test at various 
concentrations of PHMB: a) 20 ppm; b) 100 ppm; c) 500 ppm 
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It can be seen that the neutralizer fulfils the criteria for PHMB concentration 
of 20 ppm and 100 ppm. That means there is no statistical difference between the 
final count of test A and test C and between test B and test C. Also, the final count 
of test D was found to be less than test C. However, these conditions have not been 
fulfilled for a PHMB concentration of 500 ppm (Figure 3.13C). Hence, it can be 
concluded that the neutralization recipe is effective for PHMB leaching of 100 ppm. 
However, this work is based on a robust anchoring of PHMB to the cotton, unlike 
conventional treatment which relies on ionic interaction with the carboxylate ions 
of cotton. A recent work shows a leaching of 23 ppm of PHMB in 100 minutes 
from a conventionally treated cotton fabric.273  
3.6.2 Antibacterial efficiency evaluation 
The antimicrobial evaluation was carried out in accordance with AATCC test 
method 100-2012.274 Firstly, fabric samples were sterilized by washing in ethanol 
followed by thorough washing in sterile deionized water.  
 
Figure 3.14 Schematic explaining the major steps in the AATCC 100 test method 
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From monthly stock culture, E.coli inoculum was obtained for the 
experimental work as follows: A single, well-isolated colony from monthly stock 
culture was transferred by a loop into a sterilized glass bottle containing 10 mL of 
modified tryptone soya broth. The bottle was then stored in a shaker incubator at 
37 ºC for 24 h for incubation. The grown culture was diluted in sterile saline 
solution to obtain the bacterial density of 108 CFU/mL by adjusting the absorbance 
value to 0.17±0.02 at 475 nm with the help of UV-VIS spectrophotometer. The 
inoculum is further diluted to obtain working solution of appropriate concentration. 
Figure 3.14 explains some of the major steps involved in the AATCC 100 test 
standard. A 25 µL of the working solution was spread on a stack of three fabric 
samples (1 cm x 1 cm) placed into a 250 mL sterilized glass bottle. After 
inoculation, the samples were incubated at 37 ºC for 24 h. Subsequently, a 20 mL 
of neutralizing solution (soy lecithin 7 g/L, Tween 80 20 g/L, NaCl 5 g/l, and 
tryptone 1 g/L) was poured into each bottle and vortexed vigorously for 2 minutes 
for elution of live cells. The solution was then serially diluted from 100 to 105 
dilutions. A 100 µL of each dilution was plated in duplicate onto tryptic soy agar 
plates and incubated for 24 h in an incubator at 37 ºC. After incubation, the number 
of colonies grown on each plate was counted in the range 30-300. The antibacterial 
efficiency can be calculated by using following equation: 
 





B = Number of colonies recovered from control fabric at zero time; 
A = Number of colonies recovered from treated fabric after 24 h. 
3.6.3 Bacterial adhesion inhibition 
A protocol was developed to quantify the bacterial adhesion resistance of the 
treated fabrics based on a literature 86. For each sample, 50 mL of phosphate buffer 
saline containing ~107 CFU/mL culture was prepared in a sterile Schott bottle. A 
fabric sample (1 cm x 1cm) was introduced in the solution and incubated in a shaker 
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incubator at 100 rpm for 1 h at 37 °C. After 1 h, the sample was withdrawn 
immediately with a sterile tweezer and placed in a 20 mL neutralizing solution and 
vortexed for 5 minutes to obtain an estimate of a number of adhered cells. This 
solution was diluted and then plated on agar plates for 100, 10-1 and 10-2 dilutions. 
The plates were then incubated for 18 h at 37 °C. Three repeat tests were performed 
with an untreated fabric as a control. 
3.7 Treatment methods  
In this work, two different coating strategies have been employed: LbL assembly 
and one-pot coating technique. While the detailed explanation of the LbL assembly 
can be found in Chapter 4 and 5; Chapter 6 consists of relevant details of one-pot 
coating. 
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Chapter 4 LbL assembly of PHMB followed by alkylsilane 
treatment 
4.1 Introduction 
Layer-by-layer (LbL) deposition, also known as multilayer film formation, was 
introduced in 1991 by Decher and co-workers.275 There has been a phenomenal 
success of LbL technique for applications in the field of optics, catalysis, energy, 
membranes, and biomedicine.276 This technique is simple to operate, needs 
minimum investment on equipment and has the flexibility of using a combination 
of virtually any substrate and any ionic precursor for film formation. Of late, 
employing a LbL technique for designing antimicrobial coatings has been receiving 
greater attention.277 Various substrates, such as polymers, metals, medical devices 
were designed by exploiting antimicrobial nature of polycationic materials by 
embedding them in LbL assembly.277  
Recently, antimicrobial textiles have been synthesized by incorporating 
cationic compounds such as chitosan through LbL deposition.161-162 PHMB owing 
to its polymeric nature and presence of multiple cationic sites is an ideal candidate 
for devising LbL assembly. However, there are no reports of PHMB inclusion in a 
multilayer form. Only Tang and co-workers278 incorporated PHMB as LbL 
assembly on polycaprolactone fibrous matrices to synthesize antimicrobial 
scaffolds. Hence, in this work, antimicrobial functionality was imparted onto cotton 
fabrics by using the LbL technique. After the incorporating PHMB, fabrics were 
treated with an alkylsilane as a fluorine-free hydrophobic agent to impart 
superhydrophobicity. The dual functional fabrics thus prepared were evaluated to 
assess the antimicrobial activity and the superhydrophobicity.   
4.2 Experimental work 
4.2.1 Methods 
Cotton fabrics were treated with PHMB by using the LbL technique. In order 
to impart superhydrophobicity, a layer of silica nanoparticles was then included in 
the coatings to impart surface roughness. Finally, an alkyl silane was deposited to 
Chapter 4 LbL assembly and alkylsilane treatment 
63 
 
lower the surface energy of the substrate. The LbL treatment involved deposition 
of alternate layers of PHMB (polycationic) and PAA (polyanionic) to form a few 
nanometer thick coating. Two sets were prepared based on the position of silica 
nanoparticle layer. It is worth mentioning that silica nanoparticles possess a net 
negative surface charge owing to silanol groups279 and hence can be a part of LbL 
harmoniously.  
 
Figure 4.1 LbL layer composition in the treated fabrics for the two sets of fabric 
Figure 4.1 shows the schematic of the arrangement of layers for all the 
subsamples in the two sets. In one set (i.e. set A), PHMB remains at the top with 
the silica layer immediately beneath it. Conversely, in the second set of samples 
(i.e. set B) the silica layer always remains at the top. Each set consists of three sub-
samples with varied number of layers, whichwere named as A2, A3 and A4 for set 
A and B2, B3 and B4 for the set B. The experimental set was designed in such a way 
that the PHMB layers at each subset level remain identical while there is alteration 
in only positioning of the top layer. Lastly, the fabric samples were coated with 
TMOS to impart superhydrophobicity.  
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4.2.2 Pre-treatment with PAA 
Fabric samples (25 x 8 cm) were first pre-treated to generate carboxylate sites 
in a mixture of PAA (8%) and sodium hexametaphosphate (4%) aqueous solution. 
Samples were first dipped for 2 minutes followed by padding (pick up ca. 110%). 
Subsequently, samples were dried at 85 oC for 10 minutes and cured at 170 oC for 
2 minutes in a laboratory oven. In the end, samples were washed in running water 
for 5 minutes to remove unreacted chemicals.  
4.2.3 Preparation of silica nanoparticles 
Silica nanoparticles were prepared according to Stӧber method mentioned in 
the literature.280 Briefly, 4.5 ml of TEOS was added drop-wise into 150 ml alcohol 
under stirring; then 9 ml of ammonium hydroxide (28% w/w) and 3 ml of deionized 
water were added to the mixture. The reaction was carried out at room temperature 
for 18 h. After completion of the reaction, silica particles were washed thoroughly 
in a centrifuge with alcohol followed by water to obtain the pure form. Finally, 
particles were dispersed in deionized water.  
4.2.4 Coating procedure 
In this method, 300 ml. of PHMB (1%, w/v) and PAA (1%w/v) solutions were 
prepared and pH was adjusted at 8 for both the solutions. In order to deposit a 
PHMB layer, fabric sample was immersed in PHMB solution for 5 minutes, rinsed 
successively three times in deionized water to remove loosely adsorbed 
polycationic species. The fabric was then immersed in PAA solution and the 
deposition of PAA layer was realized in a similar fashion. These steps were carried 
out sequentially to obtain multilayer coating on the fabric substrate (Figure 4.2). 




Figure 4.2 Schematic showing LbL sequence of operation 
Before deposition of the silica, layer fabrics were dried in air. The fabrics were 
then dipped in an aqueous silica solution for five minutes and then washed three 
times successively and dried at 80 ºC for 5 minutes. For fabric belonging to set B, 
the LbL assembly terminates with the deposition of the silica layer, while for set A, 
deposition of PHMB layer is the terminating step.  After the completion of LbL 
assembly, hydrophobic treatment was carried out. Fabric samples were immersed 
in 2% solution of TMOS in ethanol for 5 minutes and dried in an oven at 80 ºC for 
30 minutes and finally cured at 120 ºC for 5 minutes.  
4.3 Results and Discussion 
4.3.1 SEM characterization 
The morphological features of the coating were obtained by SEM imaging. 
Figure 4.3 shows the SEM images of the treated and untreated fabrics. The 
untreated fabric (Figure 4.3a) possesses characteristic features of the cotton fibre, 
showing fibrillar deposition of cellulose.  




Figure 4.3 SEM analysis of fabrics: a) control fabric; b) A2; c) A3; d) A4; e) B2; f) 
B3; g) B4 
The SEM images of group A (Figure 4.3 b-d) show the presence of coatings 
and silica nanoparticles across the surface of the fibre. It can be seen that the silica 
layer deposition is marked with randomness and haphazard distribution. For fabrics 
A2 and A3, silica nanoparticles have covered the surface sparsely, whereas, for 
fabric A4, localized agglomeration of particles can be observed. The interfibre 
region and the interlacement points of the yarns are the areas where high 
enrichment of nanoparticles can be found owing to the availability of compact 
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spaces. For group B, (Figure 4.3 d-f) similar features (i.e randomness of silica 
nanoparticles) can be observed.  
4.3.2   Ellipsometry Characterization 
Ellipsometry is an ultra-sensitive non-destructive optical technique which is 
extremely useful for analysing thin films on the surfaces. Since, textile is not an 
ideal substrate for measurement on ellipsometer, it was decided to study the film 
formation on silica wafers with the same LbL procedure. Ellipsometry determines 
changes in polarization state of a linearly polarized incident light on the surface.281 
These changes are expressed in terms of psi (Ψ) and delta (Δ), the two angles, 
indicating the differential changes in amplitude and phase respectively.282  
 
Figure 4.4 Ellipsometric data for LbL deposition of PHMB/PAA layers on silica 
wafers: psi (Ψ) : a) 1 bilayer, b) 5 bilayers, c) 10 bilayers; and delta (Δ): d) 1 bilayer, 
e) 5 bilayers, f) 10 bilayers 
Figure 4.4 shows the ellipsometry output for thin films deposited on silica 
wafers.   A Cauchy optical model (very common in ellipsometry) was applied to fit 
these data. The best match between the model and the experiment is obtained using 
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regression analysis where a value of thickness corresponding to the lowest Mean 
Squared Error (MSE) is taken as the thickness of the film. The MSE is calculated 





















where, N is the number of Ψ (Psi) and Δ (Delta) pairs, M is the number of fit 
parameters in the model and σ is the standard deviation of the experimental data 
points. 
Table 4.1 shows the thickness of the LbL films deposited on silica wafers. It 
is reasonable to believe that the LbL coating on fabrics will also be in the range of 
few nanometers which is important to retain basic fabric characteristics such as 
handle and feel.  
Table 4.1 Thickness of the LbL films on silica wafers 
 Number of bilayers MSE Thickness (nm) 
Sample 1 1 2.60 2.99 
Sample 2 5 6.53 8.48 
Sample 3 10 11.40 14.76 
 
4.3.3 FTIR Characterization 
Figure 4.5 shows the FTIR-ATR characterization of the treated cotton fabric 
samples with PHMB as an upper layer along with the superhydrophobic treatment. 
The characteristic peaks associated with cellulose can be seen in the untreated 
cotton fabrics. The broad peaks at 3300 and at 1028 cm-1 can be attributed to the 
hydroxyl group and cellulose ring stretching respectively.285 After treatment, two 
new peaks can be noticed at 1550 cm-1 and 1720 cm-1 which can be attributed to N-
H bending vibration of PHMB and carboxyl group of PAA respectively.280, 286-287 
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For both the sets, the intensity of the peak at 1550 cm-1 can be seen to be increasing 
commensurately with the number of PHMB layers in the LbL assembly.  
 
Figure 4.5 FTIR-ATR characterization of the treated fabrics of the two sets: a) set 
A; b) set B 
The peaks associated with silica nanoparticles seem to have overlapped with 
the peaks of cellulose in the region 1100-1000 cm-1 as has been observed by other 
workers. 288-289 With regard to the presence of alkylsilane, a weak peak can be seen 
at 2920 cm-1 which corroborate the presence of aklylsilane.290  




As outlined in the literature review, the superhydrophobic behaviour of 
surfaces is marked by CA values greater than 150o. It can be seen from Figure 4.6 
(a and b) that both sets of fabrics reached the superhydrophobic state showing a CA 
of ~ 150°.  
 
Figure 4.6 CA values for the two groups of the treated fabrics: a) set A; b) set B 
These results are in agreement with the literature, as some other workers have 
also attained a state of superhydrophobicity on cotton fabrics by employing a 
combination of silica nanoparticles and different alkyl silanes.288, 291  Here, the 
selection of a baseline becomes quite subjective, thus resulting in large variations 
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in CA by a minor alteration in the baseline. Hence, in the future work, other 
measures of superhydrophobicity such as the sliding behaviour of water drops 
would also be evaluated.    
4.3.5 Antibacterial activity 
The characterization techniques have so far revealed the identical behaviour of 
the two sets of fabric samples.  However, a dramatic difference in the antimicrobial 
performance of the two sets can be seen in Figure 4.7. The antibacterial efficiency 
was evaluated against E.coli as a test organism. In the case of set A, the fabric A2 
which consists of two layers of PHMB, has shown poor performance. However, the 
efficiency reached 100% for fabric A3 and A4 indicating the need for minimum 
three layers of PHMB as a threshold to obtain superior antimicrobial performance. 
In contrast, the set B has shown a haphazard trend with average efficiencies of 0, 
76% and 50% respectively. Moreover, judging from the error bars, there is a great 
degree of inconsistency for the set B samples. The only reason for the poor 
performance and inconsistency of set B could be attributed to the presence of silica 
nanoparticles as the topmost layer.   
 
Figure 4.7 Antibacterial efficiency for the two sets of the treated fabrics 
The AATCC test method 100 recommends the broth solution for the 
preparation of the bacterial working solution. It is pretty obvious that certain 
Chapter 4 LbL assembly and alkylsilane treatment 
72 
 
amount of nutrients from broth may get carried over during the preparation of 
working solution. When inoculated on the fabric substrate, the cells in the working 
solution gets absorbed in the fabric interstices simultaneously spreading on the 
surface. In the case of set B, absence of PHMB as a topmost layer conveys that the 
bacterial cells would predominantly interact with the silica nanoparticles as a first 
point of contact. As silica nanoparticles do not possess antimicrobial activity, the 
cells are free to thrive. Hence, an equilibrium state may be reached where the 
inoculum absorbed into the interstices of the fabric meets PHMB and in turn, 
undergoes biocidal action; while colonies residing on silica nanoparticles remain 
alive and continue multiplying. Nevertheless, there is also need to take into account 
the intermingling of constituent layers in an LbL assembly.275 That means, PHMB 
chains can migrate to some extent on the topmost silica layer and this may result in 
an attack on the cells adhered to the surface. However, the interfacial overlap occurs 
randomly, and therefore the extent of PHMB coverage may also vary greatly. This 
could be the reason for the remarkable variation in the antibacterial efficiency of 
set B. In contrast, PHMB being the uppermost layer for the set A, the antimicrobial 
action is straightforward: attacking cells adhered on the surface and interior 
regions; this could be the reason for the consistent antibacterial activity of set A.   
4.3.6 Durability against laundering 
One of the prime objectives of this study is to design a durable antimicrobial 
and superhydrophobic cotton fabric. The fabrics were washed for five cycles in 
accordance with BS EN ISO 105-C06:2010. One cycle of this test can be 
approximated to five domestic launderings. Unfortunately, the fabrics after five 
wash cycles lost their superhydrophobicity and returned to their normal absorptive 
hydrophilic behaviour. The washing cycles appear to have resulted in aklysilane 
molecules getting removed from the substrate. Similar observations have been 
recorded in the literature, wherein Gao and co-workers observed a gradual decrease 
of the CA of hexadecyltrimethoxysilane/silica nanoparticles coated cotton fabrics 
from ~150° to 100° after six wash cycles.249 It is well known that the silica 
nanoparticles have abundant hydroxyl group on their surface, this hydroxyl group 
tends to condense with the hydroxyl groups to form silanol network. It is likely that 
the trimethoxy groups of alkylsilane have condensed with the silica nanoparticles 
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on the fabric surface. With the washing stresses, the loss of silica nanoparticles 
might have resulted in the loss of alkylsilane moieties too.  
Interestingly, the washed fabrics have exhibited a different trend for antibacterial 
performance (Figure 4.8). In the case of set A, the performance of the fabrics is 
identical to that of the unwashed state. Whereas, group B has also shown a 
consistent 100% antibacterial efficiency for sample B4. These results are in line 
with the hypothesis of interference of silica nanoparticles in the antimicrobial 
activity. With the loss of silica nanoparticles, the bacterial colonies lack adherent 
sites on the surface and thus are attacked by PHMB upon contact.  
 
Figure 4.8 Antibacterial efficiency of treated fabrics after five wash cycles 
The FTIR analysis of washed fabrics shows evidence of the presence of PHMB 
at 1550 cm-1 (Figure 4.9) and thus corroborates the antibacterial activity results of 
the washed fabrics.  
 
Figure 4.9 FTIR-ATR of the washed fabric samples; a) set A; b) set B 




A dual functional finishing treatment was successfully applied onto cotton 
fabrics. The superhydrophobicity of cotton fabrics can be evidenced by the CA 
values of >150o. The antibacterial efficiency results indicate that the position of 
PHMB is the governing factor in determining the performance. For set B, where 
the antimicrobial performance is poor, the uppermost layer of silica resulted in 
bacterial growth even in the presence of multiple layers of PHMB. The 
superhydrophobic effect was destructed after 25 equivalent wash cycles; however, 
the antimicrobial activity remained intact for set A, and surprisingly rejuvenated 
for set B. This could be attributed to the washing-off of silica nanoparticles from 
the fabric surface, which facilitated direct exposure of bacterial cells to the PHMB 
layers. Finally, it can be concluded that to obtain an efficient antimicrobial substrate 
based on LbL architecture, it is important to terminate the LbL formation by a 
cationic layer.292   
Chapter 5 LbL assembly and epoxyalkane treatment 
75 
 
Chapter 5  Durable superhydrophobic and antimicrobial cotton 
fabrics prepared by LbL assembly of PHMB and subsequent 
hydrophobization with epoxyalkane 
5.1 Introduction 
With the understanding that the multilayer deposition of PHMB could provide 
robust anchoring to the cotton substrate that can withstand multiple washings, it is 
worthwhile to explore the LbL methodology. Incorporation of alkyl-silane 
compounds into cotton has also been realised by many researchers,249, 291-292 yet, 
long-term stability of coatings is poor due to weak interactions with the cotton 
substrate. A good strategy to impart various functional finishes (such as wrinkle 
resistance, flame retardancy and antimicrobial) that possess durability involves 
attaching an active compound to a reactive group, which in turn reacts with 
abundant hydroxyl groups of cotton causing permanent bonding. Such an approach 
has been explored for producing antimicrobial cotton fabrics by anchoring of 
QACs,155 chitosan184 and N-halamine compounds.173, 176 Amongst these, use of 
epoxy group as a reactive group of the functional moiety appears attractive because 
the ring opening reaction and the subsequent bonding with hydroxyl groups can be 
achieved by a simple curing step as reported for N-halamine coatings.173, 176   In 
fact, epoxy resins are an integral part of composites to provide mechanical strength 
and durability.293 In addition, the availability of epoxy resins with multiple epoxy 
(di, tri, and tetra) groups offers a great opportunity to achieve cross-linking. Epoxy 
groups react through ring opening triggered by the nucleophilic reaction (Figure 
5.1).294  
 
Figure 5.1 Reaction between epoxy group and a nucleophilic reagent294 
It is well known that amine groups are one of the prominent nucleophiles that 
can easily react with epoxy groups. Because PHMB also has amine groups in its 
backbone, it is worthwhile to explore the possibility of cross-linking of PHMB by 
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using epoxy groups. Moreover, this study also endeavours to explore epoxyalkanes 
as a hydrophobic agent, which has yet pristine area with little work reported.  
In this work, a sequential deposition of PHMB and polyacrylic acid (PAA) was 
carried out to prepare two separate sets of fabric with and without the inclusion of 
silica nanoparticles (NPs). It is well known that the superhydrophobicity is a 
combination of roughened surface along with the lower surface energy. In the past, 
silica NPs have been deposited on textile substrates to generate the required 
micro/nanoscale hierarchical roughness. Hence, it was decided to explore silica 
NPs as a roughness aid to gain potential benefits for attaining superhydrophobic 
surface. Owing to their negative surface charge,279 silica nanoparticles were 
introduced as a layer in place of PAA layers in one set; while the second set was 
prepared with only PHMB/PAA layers.  After LbL treatment, a coating of 1,2-
epoxyhexadecane (EA) and resorcinol diglycidyl ether (RDE) was deposited on the 
fabric surface through dip coating and curing. The dual functional fabrics thus 
prepared were subjected to various characterization and performance testing.  
5.2 Experimental section 
5.2.1 Pre-treatment with PAA 
To improve the degree of negative charge for electrostatic assembly, the cotton 
fabrics were first treated with aqueous solution of PAA/sodium 
hexametaphosphate. The pre-treatment process consists of dipping fabric sample 
(8 cm x 30cm) in 100 mL coating solution of PAA (8%) and sodium 
hexametaphosphate (4%) for 2 minutes and squeezing through laboratory padder 
to achieve uniform absorption with a pick-up in the range of 105-110%. 
Subsequently, the fabric was dried at 85 oC for 10 minutes and cured at 170 oC for 
2 minutes, followed by washing in running water for 5 minutes to remove the 
unreacted chemicals and air drying.  
5.2.2 Preparation of silica nanoparticles 
Silica nanoparticles were prepared according to the Stӧber method mentioned 
in the literature280. Briefly, 4.5 mL of TEOS was added drop-wise into 150 mL 
alcohol under stirring; then 9 mL of ammonium hydroxide (28% w/w) and 3 mL of 
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deionized water were added to the mixture. The reaction was carried out at room 
temperature for 18 h. After completion of the reaction, silica particles were washed 
three times with ethanol and water by using a centrifuge. Finally, particles were 
dispersed in deionized water. A 100 mL of this solution was used during LbL 
deposition.  
5.2.3 LbL assembly 
The experimental design consists of the preparation of two sets of fabric 
samples. 
• ES series : PHMB as  polycation and  PAA, silica nanoparticles as polyanions 
• EWS series: PHMB as polycation and PAA as polyanions  
5.2.3.1 LbL assembly of ES series 
The sequence of layers is shown schematically in Figure 5.2a. For deposition 
of PHMB layer, the pre-treated fabric (8 cm x 10 cm) was dipped in PHMB solution 
(1 wt%, pH 8) for 10 minutes, rinsed successively three times in deionized water 
and then dried at 120 °C for 10 minutes. The fabric was then immersed in PAA 
solution (1 wt%, pH 8) for 10 minutes, washed and dried in an identical manner. In 
this way, a single bilayer was deposited on the fabric. Silica nanoparticle layer was 
also deposited in a similar manner for LbL design (PHMB/PAA/PHMB/silica). 
Thus, four samples were prepared and named as ES2, ES6, ES10 and ES14 on the 
basis of a number of bilayers present on the fabric. For instance, ES2 has two 
bilayers (PHMB/PAA and PHMB/silica). Similarly, ES6, ES10 and ES14 have six, 
ten and fourteen bilayers. For each fabric, an additional PHMB layer was deposited 
as a topmost layer at the end of the treatment.    




Figure 5.2 Schematic of LbL assembly: a) ES series; b) EWS series 
5.2.3.2 LbL assembly of EWS series 
The deposition of EWS series was identical to that of ES series, except here, 
the silica nanoparticle layers were omitted (Figure 5.2 b). The PHMB layers and 
PAA layers were built up as mentioned earlier. Four samples were prepared with 
each sample consisting of a definite number of bilayers of PHMB & PAA.  The 
four samples are designated as EWS2, EWS6, EWS10, and EWS14, respectively.  
EWS2 consists of two bi-layers and an additional PHMB layer at the top. Likewise 
EWS6, EWS10 and EWS14 have six, ten and fourteen bi-layers and an additional 
PHMB layer as a topmost layer. 
5.2.3.3 Hydrophobic treatment 
After completing LbL assembly, the fabric samples were dipped in 30 mL 
ethanol solution containing EA (0.45 g, 1.5% w/v) and RDE (0.0108 g, 0.36% w/v) 
for 20 minutes at 40-45 °C. Fabric samples were then removed from the solution 
and dried in air. After that, samples were dried at 90 °C for 30 minutes in an oven 
and cured at 165 °C for 30 minutes. Samples were then rinsed with ethanol and 
dried in air. Subsequently, samples were washed in copious amount of tap water to 
remove unreacted chemicals. Finally, fabrics were dried at 100 °C for 30 minutes. 
Here, EA has been employed as a hydrophobic agent in place of alkylsilane 
(Chapter 4).   
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5.3 Results and Discussion 
5.3.1 Coating morphology 
Figure 5.3 shows the SEM images of the pristine and ES series of coated 
cotton fabrics. On the pristine fibre surface, striations formed by the spirally stacked 
cellulose fibrils can be clearly observed (Figure 5.3b). In the case of coated 
samples, the deposition of polymeric layers along with silica nanoparticles is 
clearly visible. For instance, ES2 fabric surface has silica NPs deposited on fibre 
along with polymeric coatings. It is interesting to note that with an increase in the 
number of layers, silica nanoparticles were embedded into the polymeric coatings. 
This is commensurate with the LbL architecture, where silica layers have been 
incorporated as anionic layers in conjunction with PHMB layers.  
 
Figure 5.3 Scanning electron micrographs of the untreated and ES series fabrics: 
a) untreated fabric at lower magnification; b) untreated fabrics at higher 
magnification; c) ES2; d) ES6;  e) ES10; f) ES14 
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Figure 5.4 shows the SEM images of the untreated and EWS series of coated 
fabrics. For the EWS2 sample, the striations can still be clearly seen on the fibre 
surface (Figure 5.4a). With increasing the layer number, the striations become less 
visible and they can only be seen vaguely for the EWS6 sample (Figure 5.4b). 
However, these features have been almost buried for EWS10 and EWS14 samples, 
owing to the higher coating loadings on the fibre surface. The deposition of coatings 
has resulted in the nanoscale roughness on the fibres as evidenced by the presence 
of nanometer-scale debris, scales, and bumps on the surface of fibres. 
 
Figure 5.4 Scanning electron micrographs of the EWS series: a) EWS2 ; b) EWS6 
; c) EWS10; d) EWS14 
5.3.2 Superhydrophobic behaviour 
Figure 5.5 elaborates the difference between the wetting behaviour of the 
untreated and treated fabrics.  Due to the abundant surface hydroxyl groups, the 
pristine cotton fabric is hydrophilic. As shown in Figure 5.5a, a water drop can 
completely spread on it within five to seven seconds. It is worth noting that the 
water CA for both the groups of treated fabrics (Figures 5.5b & 5.5c) is higher than 
150º confirming the superhydrophobic behaviour. Water shedding angle (WSA) 
was used to characterize the sliding behaviour of water drops on coated fabrics. For 
all coated fabric samples, the WSA is less than 25° (Table 5.1), establishing the 
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self-cleaning effect. Figure 5.6 shows the anti-wetting properties of a treated fabric 
against common fluids such as coffee and milk. 
  
 
Figure 5.5 Wetting behaviour of modified cotton fabrics: a) Hydrophilic nature of 
untreated fabric showing absorption of a water drop; b) CA values of the ES series; 
c) CA values for the EWS series 
It is quite common in the literature to employ silica nanoparticles to provide 
surface roughness for attaining superhydrophobic fabric.225, 250, 288 In this study, it 
was hypothesized that the ES series would have a superior hydrophobic 
performance in comparison to the EWS series owing to the presence of silica 
nanoparticles as roughness aids. Judging the values of CA, it can be seen that the 
presence of silica nanoparticles has not exercised any discernible influence. 
Perhaps the entrenchment of silica nanoparticle layers, as evidenced in SEM 
images, in the polymeric layers rather than dispersion on fibre surface might be the 
reason. Surprisingly, the EWS series even in the absence of silica nanoparticles has 
reached superhydrophobic state.  
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Table 5.1 Water shedding angle (WSA) of the treated fabrics 
Specimen WSA (°) Specimen WSA(°) 
ES2 13 EWS2 10 
ES6 10 EWS6 10 
ES10 17 EWS10 15 
ES14 25 EWS14 16 
 
Woven fabric is a structure marked by systematic interlacement of two sets of 
yarns in the perpendicular direction. Yarns are in turn, bundles of micrometre-scale 
thick fibres (diameter in the range of 10-20 µm) which result in inherent micro-
scale roughness.213 Add to this the nanoscale roughness imparted by bumps, 
nodules, and debris of coatings on individual fibres as evidenced in SEM analysis. 
The contribution of the coating morphology towards generating nanoscale 
roughness has been reported by earlier workers.212, 251  
 
Figure 5.6 Pictures showing anti-wetting properties of treated fabric in comparison 
to the untreated fabric 
5.3.3 FTIR Characterization 
Figure 5.7 shows the FTIR-ATR analysis of treated and untreated fabrics. The 
untreated cotton fabric spectra (Figures 5.7 a & c)  show characteristic peaks 
associated with pure cellulose.295 For instance, the peak centred around 3335 cm-1 
indicates O-H stretching. The peak at 2900 cm-1 corresponds to C-H stretching. The 
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peak at 1425 indicates –CH wagging. The peaks at 1365, 1338 and 1320 cm-1 
correspond to -CH bending, -OH in-plane bending and CH wagging respectively. 
The peaks at 1160 and 1105 cm-1 are attributed to C-O-C linkage. A broad peak at 
1060 cm-1 is owing to the in-plane ring stretching.  
Figures 5.7 a & b show the FTIR-ATR spectra of ES series before and after 
hydrophobic coatings. With the introduction of LbL layers (Figure 5.7a) a new peak 
has appeared around 1545 cm-1 which can be attributed to the imine group -a 
characteristic peak of PHMB296. This peak has grown in intensity as a result of an 
increase in the quantity of PHMB from ES2 to ES14. Likewise, a peak at around 
2850 cm-1 can be attributed to the hydrocarbon chain of PHMB. It can be noticed 
that the treated fabrics exhibit drastic alterations in the region 1000-1200 cm-1. The 
peaks in this region were gradually masked with an increase in polymeric layers. 
This can be attributed to the deposition of silica layers as some of the peaks 
associated with silica overlap with the cellulose peaks in that region.249 Also, a new 
peak has appeared at around 800 cm-1 corresponding to Si-O symmetric vibrations 
of silica nanoparticles. Figure 5.7b shows ATR spectra of ES series of fabrics after 
hydrophobic treatment. It is noteworthy that the peak corresponding to PHMB is 
still clearly discernible for all the treated fabrics. This confirms that the 
hydrophobic coatings have not resulted in complete masking of PHMB. The 
deposition of EA can be confirmed by the strengthening of the peak at 2850 cm-1 
commensurate with the presence of long hydrocarbon chain.290 




Figure 5.7 FTIR-ATR analysis of coated fabrics: a) ES series before hydrophobic 
coating ; b) ES series after hydrophobic coating; c) EWS series before hydrophobic 
coating; d) EWS series after hydrophobic coating 
In the case of EWS fabrics (Figure 5.7c) before hydrophobic coatings, the 
deposition of PHMB layers is confirmed by the presence of a peak at 1540 cm-1. 
The intensity of this peak can be seen to be strengthening with an increase in the 
number of layers. Owing to the absence of silica nanoparticles, the region around 
1100-1000 cm-1 can be seen retaining the identity of cellulose peaks. After 
hydrophobic coating (Figure 5.7d), there is a clear trend of increasing intensity of 
the peak associated with PHMB with a number of layers. The peak at 2850 cm-1 
also reflects the presence of hydrocarbon chain of PHMB as well as EA.  
5.3.4 XPS analysis 
XPS analysis is useful for acquiring the elemental composition of the specimen 
surface. Figure 5.8 shows the XPS survey spectrum of the untreated and EWS 
series of fabrics. The spectrum of untreated cotton exhibits two distinct peaks at 
284 eV and 530 eV corresponding to the elements carbon (C 1s) and oxygen (O 1s) 
respectively.297-298 In the case of the treated fabrics, the intensity of these two peaks 
Chapter 5 LbL assembly and epoxyalkane treatment 
85 
 
has been altered and a new peak appeared at 397 eV, which belongs to nitrogen 
(N1s) and can be attributed to the PHMB backbone (–NH2 and –NH). Furthermore, 
the high-resolution spectra highlighted the changes that occurred in the treated 
fabrics in a more pronounced way. For instance, the C1s peak (Figure 5.8b) of the 
untreated cotton fabric can be separated into three main peaks: C-C (281.8 eV), C-
O (283.6 eV) and C-O-C(285.2 eV) linkages.299  
 
Figure 5.8 XPS analysis of EWS series: a) survey spectrum; b) high-resolution 
spectra of C1s; c) high-resolution spectra of N1s; d) high-resolution spectra for N1s 
of EWS14 after LbL treatment and after hydrophobic treatment 
In the case of treated fabrics, the peaks corresponding to C-O and C-O-C have 
been greatly affected while the peak corresponding to C-C linkage has gained 
remarkable intensity. These changes could be attributed to both the deposition 
layers of the LbL architecture and the hydrocarbon chain of the EA. Again, the 
high-resolution spectra of N1s (Figure 5.8c) also exhibit interesting alterations after 
hydrophobic treatment. Whilst the peak intensity initially seems to be increasing 
with the increase in the number of layers (from untreated up to EWS6), there is no 
improvement after the EWS10 fabric. This can be explained on the basis of the depth 
of XPS analysis. Being a surface-sensitive analysis, it offers a probing depth of few 
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nanometres300 which might be a limiting factor in estimating the comparatively 
thicker coatings of EWS14. 
Figure 5.8d compares the composition of N1s peak before and after 
hydrophobic treatment for EWS14 fabric. It can be seen that the peak intensity after 
the deposition of hydrophobic compounds was reduced to almost half, possibly 
because of the masking. Nevertheless, it is reassuring to know that the hydrophobic 
treatment has not resulted in complete blocking of the PHMB layers.  
 
Figure 5.9 Eosin Y staining of treated fabric (Left side- directly stained fabric; 
Right side – ethanol pre-wetting was carried out prior to staining) 
In order to support the XPS results, Eosin Y staining test was conducted, which 
is employed to evaluate the uptake of PHMB by the fabric. This test was conducted 
on treated fabrics in two different ways: Direct dipping of fabrics in an aqueous 
solution of Eosin Y dye, and pre-wetting fabric with ethanol prior to dipping in 
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Eosin Y dye solution.  It can be seen from Figure 5.9 that treated fabrics, in the 
absence of any pre-treatment (left side) exhibit surfaces with haphazard staining, 
the intensity of which increases with the number of LbL layers. This analysis 
corroborates the findings from XPS that the hydrophobic coating has not resulted 
in complete masking of PHMB.  Predictably, the ethanol pre-wetting has resulted 
in the uniform up-take of the dye as ethanol gets easily absorbed by the treated 
fabric. The uniformity of the colour reveals the even deposition of PHMB in the 
bulk of the fabric.   
5.3.5 Antibacterial performance 
The antimicrobial activity of the treated fabric was evaluated against E.coli 
bacteria in accordance with AATCC 100-2012 test method with certain 
modifications. As shown in Figure 5.10, both ES and EWS groups have shown 
100% antibacterial activity, which is equivalent to Log 5 reduction. The biocidal 
action of PHMB is based upon membrane disruption; in doing so, it dislodges 
divalent cations from the bacterial cell wall and the membrane leading to 
coagulation of cell components and subsequent cell death.104 As seen in Figure 
5.11, the agar plates corresponding to the treated fabrics show no growth of bacteria 
in comparison to the plates of the untreated fabrics. 
 
Figure 5.10 Antibacterial efficiency of the treated fabrics of ES and EWS groups 




Figure 5.11 Agar plates of the serial dilutions corresponding to the treated fabrics 
showing no growth of bacteria during the antimicrobial test in comparison to 
control fabrics 
5.3.6 Adhesion inhibition 
Figure 5.12 shows the degree of adhesion of bacteria on EWS series of fabrics 
in comparison to the untreated cotton fabric when immersed in the aqueous 
bacterial solution. It can be seen that the coated fabrics repel bacteria leading to a 
lessening of bacterial adhesion up to an extent of 70%. The results are noteworthy 
as bacterial adhesion is the foremost step in biofilm growth on surfaces, a 
phenomenon detrimental, especially for the healthcare environment and food 
processing, owing to the risks of infections.254   
In this study, coated fabrics have shown to repel the adhesion possibly because 
of the superhydrophobicity. Moreover, it is noteworthy that despite the well-known 
tendency of bacteria to migrate on available surfaces rather than the surrounding 
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aqueous phase,228, 261 a reverse trend was observed pointing to the role of 
superhydrophobicity in ensuring inhibition of bacterial adhesion. This preliminary 
study should be an impetus to a more detailed observation of the phenomenon under 
different surrounding conditions and test conditions. The nature of surface 
hydrophobicity of the bacterial species used in the present work merits in-depth 
investigation. 
 
Figure 5.12 Adhesion inhibition test for EWS series 
5.3.7 Durability of functional properties 
In the current work, the durability studies of the treated fabrics was focussed 
on EWS series as there is no appreciable difference between the superhydrophobic 
behaviour of EWS and ES series. Figure 5.13 represents the durability of the dual 
functionality of the EWS coated fabrics after ten washing cycles carried out in 
accordance with ISO 105-C06:2010 test standard.  




Figure 5.13 Durability studies of the EWS fabrics a) CA values before and after 
ten wash cycles; b) antibacterial efficiency before and after ten wash cycles; c) 
FTIR –ATR characterization after ten wash cycles; d) SEM image of EWS14 fabric 
after ten wash cycles 
Figure 5.13a indicates that the CA of the coated fabrics remains around 150° 
even after washing cycles. Similarly, the fabrics have retained antibacterial 
performance (Figure 5.13b). The presence of peaks corresponding to PHMB and 
EA in the FTIR-ATR characterization (Figure 5.13c) of washed fabrics 
corroborates the robustness of the LbL assembly on the fabric surface. In addition, 
the SEM image of the washed EWS14 fabric shows that fibre surface has retained 
the polymeric coatings.   
5.4 Scale-up potential  
 It is paramount that there is minimum impairment of inherent fabric properties 
such as comfort, colour, strength, and handle. In order to measure some of these 
characteristics, the prevalent textile testing methods require sample dimensions of 
at least several centimeters in both warp and weft directions. Hence, replicate fabric 
samples with a relatively higher area (30 cm x 30 cm) were prepared. The EWS 
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series of fabrics was developed for this study. These fabrics are reported herein as 
“semi-bulk sample”. 
5.4.1 Pre-treatment with PAA 
The pre-treatment consists of dipping fabric samples (30 cm x 30 cm) in 500 
mL  aqueous solution containing PAA (8%) and sodium hexametaphosphate (4%) 
for 5 minutes. Subsequently, fabric sample was squeezed through laboratory padder 
(mangle pressure- 0.8 kg/cm2) to achieve uniform absorption. The fabric was 
dipped in the solution again for 1 minute and then passed through the padder. 
Subsequently, samples were dried at 85 oC for 10 minutes and cured at 170 oC for 
2 minutes in a laboratory oven. In the end, samples were washed in running 
deionized water for 5 minutes to remove the unreacted chemicals and air dried. 
Samples thus prepared were ready for LbL deposition.  
5.4.2 LbL deposition of EWS series 
For coating, 1% solution of PHMB and PAA (2 liters each) was prepared and 
pH was adjusted to 8 for both solutions. For each layer, fabric sample was dipped 
in the solution for 10 minutes, rinsed successively three times. Fabric samples were 
then dried in an oven for 10 minutes at 120 ºC. In this way, successive layers were 
deposited on the fabric. 
5.4.3 Hydrophobic treatment 
After completing LbL assembly, the fabric was immersed in 1 litre solution of 
1.5% of 1,2-EA and 0.36% RDE in ethanol for 15 minutes at 50 °C. Fabric samples 
were then air dried and heated in an oven at 90 oC for 30 minutes. Next, fabrics 
were cured at 165 oC for 30 minutes. Finally, samples were rinsed with ethanol and 
deionized water and dried at 100 oC for 30 minutes.  
5.5 Fabric comfort properties 
5.5.1 Air permeability 
Air permeability is a measure of the openness of fabrics, which influences the 
breathability and comfort aspects of fabrics. Figure 5.14 shows the air permeability 
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of treated fabrics in comparison to the control fabric.  It can be confirmed that the 
deposition of several coating layers did not have a significant impact on the 
breathability of the fabrics. The porous structure of fabrics is intact as coated layers 
did not result in blocking of inter-yarn and inter-fibre spaces or pores. 
 
Figure 5.14 Air permeability of treated and untreated fabrics 
5.5.2 Flexural rigidity 
Flexural rigidity is a measure of the resistance of the fabric to bending, which 
has a remarkable influence on the properties such as drape, handle and feel of the 
fabric. Figure 5.15 shows the flexural rigidity values in warp and weft direction for 
treated and untreated fabrics. In the case of warp direction, the flexural rigidity 
shows a significant rise for the fabric EWS14 alone; in the weft direction, the value 
is significantly different for all the treatments beyond EWS2. This difference in 
warp and weft direction could stem from the fabric structure aspects (thread density 
and yarn diameter). It can be concluded that with higher loadings of the polymeric 
layer, the fabric becomes stiffer.  




Figure 5.15 Flexural rigidity of EWS series fabrics 
5.5.3 Colour change of fabrics 
Colour change of treated fabrics is a major issue in the chemical finishing of 
fabrics. It is always aimed to achieve minimal change in the appearance of white or 
coloured fabrics after the finishing step. In this study (Figure 5.16), it was observed 
that the fabric has acquired a yellowish tint after the treatment resulting in a drastic 
drop in the whiteness index values. It might be attributed to the higher curing 
temperature and possible oxidation of some of the compounds of the coatings. 
Further work is required to minimize the whiteness deterioration. 




Figure 5.16 CIE whiteness index of untreated and treated fabrics 
5.6 Conclusions 
In this work, durable superhydrophobic and antimicrobial cotton fabrics were 
successfully prepared by LbL deposition of PHMB and incorporation of a non-
fluorine hydrophobic compound. Two different types of LbL architecture were 
designed to analyse the effect of silica nanoparticles. The PHMB loading was 
consistent with the number of layers in the LbL architecture as evidenced by FTIR 
and SEM analysis. It was revealed that the addition of silica nanoparticles in LbL 
architecture did not result in expected gains in terms of CA values. The deep 
entrenchment of silica nanoparticles into the polymer coatings might have hindered 
the desired surface roughening effect. Both methodologies, however, yielded 
fabrics with superior antimicrobial performance when evaluated in accordance with 
AATCC 100 test method. In addition, the EWS series was subjected to multiple 
washing cycles to ascertain the degree of immobilization of functional entities. It 
was confirmed that the fabrics showed excellent durability of dual functionality 
after fifty equivalent wash cycles. The epoxy cross-linker anchored EA to the 
PHMB chains as well as attained cross-linking of PHMB chains. Importantly, the 
EWS series of fabrics were capable of inhibiting bacterial adhesion in an aqueous 
environment. Finally, prominent fabric properties were also studied to seek the 
scale-up potential of this methodology. The retention of whiteness and flexibility 
was identified as areas of improvement. 
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In summary, the dual-functional fabrics could be a promising tool in the fight 
against cross-contamination and subsequent infection spread in healthcare 
environments.
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Chapter 6  A simple one-pot coating method for preparation of 
durable antimicrobial and superhydrophobic fabrics  
6.1 Introduction 
The layer-by-layer (LbL) method discussed in chapter 5 is suitable for 
synthesis of durable dual-functional cotton fabric. Though this method is simple to 
operate on a lab-scale, it is tedious and incompatible with industrial finishing 
process. To this end, there is a need to explore the possibility of obtaining a one-
step coating process which is easy to operate and potentially suitable for large-scale 
synthesis. Little has been reported in the literature on achieving covalent linking 
between PHMB and cotton as conventional application relies on amine-carboxylate 
interactions for its deposition on cotton substrates. However, there have been 
reports of covalently linking PHMB to magnetite particles through epoxysilane 
modified silica nanoparticles.301  Inspired by this work, this study attempted to 
develop a one-step dual functional coating of PHMB and 1, 2-epoxyhexadecane 
(EA)  along with an epoxy based cross-linker, resorcinol diglycidyl ether (RDE). It 
is hypothesized that the PHMB polymeric chains can be cross-linked to form a 
network and in turn can be anchored to cotton fabric through hydroxyl groups. EA 
is expected to react with PHMB through epoxy-amine reaction. The antimicrobial 
and superhydrophobic performance of the treated fabrics before and after multiple 
accelerated washing cycles was determined. Finally, the treatment was also carried 
out on a semi-bulk scale to study the effect of the coating on essential fabric 
properties such as comfort, colour and abrasion resistance.  
6.2 Experimental work 
6.2.1 Experimental Design 
In order to optimize the concentrations of the antimicrobial agent, cross-linking 
agent and hydrophobic agent, an experimental design based on “one-factor-at-a-
time” was adopted. Thus, three sets of coated samples were prepared wherein the 
concentrations of each of the three constituents (viz. PHMB, RDE and EA) were 
varied while keeping the other two parameters at a constant level (Table 6.1). 
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RDE (%) EA (%) 
DP1 0.5 0.2 1.5 
DP2 1.5 0.6 1.5 






RDE (%) EA (%) 
DR1 1.5 0.12 1.5 
DR2 1.5 0.6 1.5 






RDE (%) EA (%) 
DE1 1.5 0.6 0.5 
DE2 1.5 0.6 1.5 
DE3 1.5 0.6 2.5 
 
Each set consists of three individual treatments. The sets were named as DP, 
DR and DE corresponding to PHMB, RDE and EA respectively. The nomenclature 
refers to the method of coating (“D”- dip coating) and the component under study 
(e.g. P- PHMB; R- RDE; E- epoxy alkane). PHMB and EA concentrations were 
varied at three levels: low, medium and high which correspond to 0.5%, 1.5%, and 
2.5% respectively. The concentration of RDE was varied at low, medium and high 
levels in relation to RDE/PHMB molar ratio of 1 (0.12%), 5 (0.6%) and 9 (1.1%). 
This was necessary to maintain consistency in cross-linking opportunities; as the 
amine group of PHMB is the focal point of cross-linking for epoxy groups of RDE.  
This study was based on one factor at a time analysis, the constant levels for PHMB, 
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RDE and EA were chosen as the medium levels. All the concentrations were 
calculated on the basis of weight/volume.    
6.2.2 One-pot coating 
For each coating experiment, corresponding quantities of PHMB, EA and RDE 
were weighed. First, EA and RDE were mixed together and dissolved in 30 mL of 
ethanol under constant stirring and heating at 40-50 °C for 10 minutes. PHMB 
solution dissolved in 15 mL of ethanol was poured gradually with continuous 
stirring in well dissolved EA and RDE ethanol solution. Within 1 minute, five 
fabric pieces (5 cm x 5 cm) were immersed in the resultant coating solution for 10 
minutes. After coating, the samples were taken out and dried in air. In order to 
complete the cross-linking reaction, samples were heated in a laboratory oven at 90 
ºC for 30 minutes and then cured at 140 ºC for 20 minutes. Coated fabrics thus 
prepared were characterized for important functional properties. In order to study 
certain physical properties such as comfort and handle properties, relatively large 
(30 cm x 30 cm) fabric samples were coated for three subsets of DP series. 
6.3 Results and Discussion 
6.3.1 SEM characterization 
Figure 6.1 exhibits the SEM micrographs of the treated fabrics of DP, DR and 
DE groups with the lowest and highest concentration levels. In the case of DP 
series, a clear difference in the coating morphologies can be seen as fibres in the 
case of DP3 fabric have been coated intensively in comparison to DP1 fabric. The 
fibrillar layers characteristic of cellulose are more pronounced for DP1 fabric. This 
is consistent with the higher amount of PHMB applied for DP3 fabrics. However, 
the morphology differences between DR1 and DR3 as well as DE1 and DE3 are 
indiscernible. This can be attributed to the fact the concentration of PHMB is at 
identical levels for this series of fabrics, so an identical nature of polymer loadings 
was expected.   
 




Figure 6.1 SEM micrographs of the coated fabrics: a) DP1; b) DP3; c) DR1; d) DR3; 
e) DE1; f) DE3 
Figure 6.2 shows the colour strength values of the fabrics dyed with the Eosin 
Y dye. Eosin Y is an anionic dye that can be captured by cationic sites of the 
substrate. Based on this principle, it is expected that the staining of the treated fabric 
will be dependent upon the extent of PHMB present on the fabric. The higher colour 
strength value of treated fabrics (~15-19) is an indication of the efficacious loading 
of PHMB on the treated fabrics in comparison to the control fabric (~0.61). 
Surprisingly, the colour strength values of DP1-DP3 fabrics are marginally different 
in contrast to the vast difference in the initial PHMB concentration employed 
during the synthesis. This could be attributed to the saturation of dye in the fabric 
as the reflectance value for treated fabrics at 530 nm was in the range of ~2% in 
comparison to ~35-50% for the untreated fabrics. 




Figure 6.2 Colour strength of treated fabrics stained with Eosin-Y dye 
Figure 6.3 shows photographs of the treated and untreated fabrics dyed with 
Eosin Y. The deep red colour obtained for all the fabrics could be attributed to the 
electrostatic attraction between the anionic dye and the cationic PHMB polymeric 
chains. The dyeing test corroborates the immobilization of PHMB on the fabric 
surface. The untreated fabric was barely stained possibly because of the presence 
of carboxylic anionic groups of cellulose.  
 




Figure 6.3 Images of the treated fabrics after dyeing with Eosin Y 
6.3.2 FTIR characterization 
Figure 6.4 depicts the FTIR-ATR characterization of the untreated and treated 
fabrics. Cotton fabrics in untreated form show the characteristics peaks in the 
region 3100-3300 cm-1 and 900-1100 cm-1 corresponding to the hydroxyl group 
and cellulose ring vibrations respectively.295 When compared with the untreated 
cotton, each treated fabric series has shown additional two peaks at 1540 cm-1 and 
2850 cm-1 in the spectra. The peak at 1540 cm-1 corresponds to the imine group of 
PHMB286 and the peak at 2850 cm-1 can be attributed to C-H symmetric stretching 
of hydrocarbon chain of EA.290 




Figure 6.4 FTIR-ATR characterization of untreated and treated fabrics: a) DP 
series; b) DR series; c) DE series 
Interestingly, the peak corresponding to PHMB also grows in tandem with the 
higher amount of loadings for DP series. In the case of DR series, the peak 
corresponding to PHMB as well as EA has similar intensities. The peak at 2850 
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cm-1 becomes sharper from DE1 to DE3 thus signalling the presence of higher 
amount of EA for DE3 in comparison to DE1. 
6.3.3 XPS characterization 
The chemical alterations occurred due to the dual functional coatings were 
assessed by XPS analysis. Figure 6.5 shows the analysis of C1s spectra of the 
untreated and treated fabrics. The high-resolution C1s spectra can be deconvoluted 
into three components with a binding energy of 284.9 (C-C or C-H), 286.8 (C-OH) 
and 288.2 eV (O-C-O).302   
 
Figure 6.5 XPS analysis of the untreated and treated fabrics: a) C1s spectrum of 
the untreated cotton fabric; b) C1s spectrum of the DP1 and DP3 fabrics; c) C1s 
spectrum of the DR1 and DR3 fabrics; d) C1s spectrum of the DE1 and DE3 fabrics 
There is a dramatic change in the C1s spectra of the treated fabrics in 
comparison to the untreated cotton fabric. The peak corresponding to C-C bonding 
became more pronounced in DP (Figure 6.5 b) and DE (figure 6.5 d) series 
verifying the anchoring of hydrocarbon moieties on the surface. While EA itself is 
made up of long hydrocarbon chain; PHMB also contains –CH2 groups in its 
backbone. It is worth noting that for all the treated fabrics, the intensity of C-OH 
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peaks decreases remarkably, verifying the covalent linkages formed on the surface 
through a hydroxyl group. Another key point is the inclusion of new peak (Table 
6.2) at 397 eV owing to the contribution of nitrogen (N1s) which validates the 
presence of PHMB on the surface.  
Table 6.2 Elemental composition of the untreated and treated fabric obtained by 
XPS analysis 
Sample C (%) N (%) O (%) 
Binding energy (eV) 285 397 530 
untreated 61.83 0.28 37.89 
DP1 73.22 2.81 23.97 
DP3 82.89 4.80 12.30 
DE1 70.46 3.81 25.72 
DE3 80.49 2.14 17.37 
DR1 78.12 3.35 18.53 
DR3 82.46 4.65 12.90 
 
6.3.4 Superhydrophobic behaviour 
Figure 6.6 shows that the CA values and WSA values of the three groups of 
the treated fabrics. It can be seen that all the subgroups have attained CA values of 
~150°. This confirms the superhydrophobic nature of the fabrics. The WSA is also 
less than 20° for the treated fabrics, corroborating the self-cleaning ability of the 
modified fabrics. 
  




Figure 6.6 CA and WSA of the treated fabrics: a) DP series; b) DR series; c) DE 
series 
The fabric surface seems to have been roughened by the microscale roughness 
of the fibrous structure and the nanoscale bumps, nodules of the polymeric coatings, 
as was observed in the earlier work on LbL treated fabrics.   
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6.3.5 Antimicrobial performance 
Table 6.3 shows the antibacterial efficiency values of the treated fabrics 
obtained at the test. It can be seen that all three groups of modified cotton fabrics 
have achieved excellent antibacterial performance as a result of the action of PHMB 
polymeric chains cemented in the coatings. As explained earlier the mode of action 
of PHMB is based on the destruction of the cell membrane. 
Table 6.3 Antibacterial efficiency of the treated fabrics 












6.3.6 Durability of superhydrophobicity 
Figure 6.7 represents the CA behaviour of the treated fabrics after ten washing 
cycles, which is equivalent to fifty home laundering cycles. Instead of relying on a 
single value at a particular time, which is quite common in literature, the CA values 
were recorded for 60 seconds. The values at 1, 5, 10, 15, 30 and 60 seconds were 
plotted for analysing the progression of wetting. In the case of the DP series, the 
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CA after 10 washing cycles is in the region of ~ 150° for DP3 samples, while there 
is a drastic reduction of CA for DP1 samples. Interestingly, the behaviour of DP2 is 
intermediate between these two extreme situations. Although there is a marginal 
decrease in CA values for DP2, the values at each data point have a high degree of 
variation, as reflected in the large error bars in Figure 6.7a. 




Figure 6.7 CA behaviour of the three series of treated fabrics: a) DP; b) DR; c) DE 
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The CA measurement is generally recorded by impinging a drop at various 
places on the fabric. For DP2 fabric, inconsistency of hydrophobicity was observed; 
at some sites, the droplet percolated within a few seconds while at others, it 
remained perfectly spherical for the measured duration exhibiting 
superhydrophobic behaviour. It is highly possible that the degree of wear of coating 
in this case is random marked by uneven scraping of the surface; this could result 
in the formation of micro cracks randomly distributed over the surface. The 
placement of water droplets at such places must be resulting in poor hydrophobic 
behaviour. An exactly identical trend was observed for DR series. As can be seen 
in Figure 6.7c, the DE3 fabric has shown superior durability; while DE2 fabric 
exhibits similar tendency of inconsistent hydrophobicity. Surprisingly, DE1 fabric 
also shows behaviour similar to DE2 confirming retention of hydrophobic 
behaviour in contrast to poor durability performance of DP1 and DR1. A careful 
study of the constituents of these three samples, reveals the RDE amount is the 
highest for DE1 even though it has the lowest amount of EA. This means that the 
higher cross-linking density can translate into enhanced retention of PHMB and 
EA.  This fact could be the reason that separates DE1 apart from DP1 and DR1 
notwithstanding the fact that both these fabrics had a higher amount of EA in 
comparison to DE1.  
The FTIR analysis (Figure 6.8) of these samples confirmed the differential 
retention pattern of EA after 10 washing cycles. It can be seen that the peak 
corresponding to the hydrophobic chains (i.e. 2850 cm-1) is considerably weaker at 
the lowest concentrations (DP1 and DR1) than at the highest concentrations (DP3 
and DR3) for DP and DR series. However, in the case of DE series, the peak 
intensities appear similar at the lowest and highest concentrations. 
 




Figure 6.8 FTIR spectra of coated fabrics after ten washing cycles: a) DP series; b) 
DR series; c) and DE series 
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Figure 6.9 shows the schematic explaining the hypothesis proposed to explain 
the discrepancy in the durability behaviour. The pictorial representation 
demonstrating “minor wear” corresponds to fabric samples DP3, DR3 and DE3, 
where a minor wear means an excellent superhydrophobic surface. Conversely, 
fabrics (DP1 and DR1) show poor hydrophobicity owing to the “heavy wear” of 
coatings. Now, fabrics (DP2, DR2, DE2 and DE1) may be classified as having 
“moderate wear” with dominant regions of minor wear and a sporadic presence of 
areas of heavy wear. In this case, the fate of the water drop will solely depend upon 
the area of impingement. This could be the reason for the high variability observed 
in the CA behaviour in the aforementioned fabric group.  
 
Figure 6.9 Schematic showing wear of the coating from the fabric surface after 
multiple washing cycles and water drop behaviour 
6.3.7 Durability of antimicrobial property 
Figure 6.10 demonstrates the antibacterial efficiency of the fabrics after ten 
washing cycles. The washed fabrics were subjected to antibacterial test against 
gram-negative E.coli organism according to AATCC 100 test method. The coated 
fabrics in each series have exhibited excellent antibacterial efficiency (100%) even 
after ten washing cycles. 




Figure 6.10 Antibacterial efficiency of fabrics after ten wash cycles 
The superior durability of the antimicrobial performance could be attributed to 
robust networking of PHMB polymeric chains. It is worth noting that in the case of 
DP series, fabric sample DP1, which has the least amount of PHMB, is also able to 
achieve superior antimicrobial activity after washing. 
6.4 Reaction mechanism 
It is well known that epoxide groups are highly reactive and can react with 
functional groups such as –OH and -NH2 through the ring opening mechanism.303 
For instance, epoxide group anchoring with hydroxyl groups of cotton has been 
well documented 215,173, 176. Based on this information four possible reactions are 
proposed involved in the synthesis (Figure 6.11).   




Figure 6.11 Schematic showing possible reactions occurring between PHMB, RDE 
and EA during synthesis 
Having two epoxy groups in its structure, RDE plays an important role in 
executing cross-linking through anchoring of PHMB with cotton (reaction I) and 
intra-chain networking of PHMB (reaction II). EA can react through its own epoxy 
ring opening with the cotton substrate (reaction III) and can also react with amine 
groups (reaction IV) of PHMB. The FTIR analysis of the fabrics samples after ten 
wash cycles (Figure 6.12) can verify the reaction mechanism in terms of PHMB 
retention. It can be inferred that with equal opportunity for the cross-linking (the 
ratio of PHMB/RDE being constant) the initial amount of PHMB dictates the 
retention after washing cycles, thus DP1 appears to have the lowest concertation of 
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anchored PHMB in case of DP series (Figure 6.12a), while equivalent retention can 
be seen for DE series (Figure 6.12c) where initial concentrations of PHMB and 
RDE are at constant level. Interestingly, the role of RDE concentration is also 
crucial in exercising retention of PHMB. For DR series (Figure 6.12b), the retention 
of PHMB has increased with the increase in RDE concentration thereby increasing 
opportunities for cross-linking.  
 
Figure 6.12 FTIR-ATR analysis of the fabrics showing retention of PHMB after 
ten wash cycles. 
6.5 Curing temperature optimization 
The curing reaction of the fabric promotes the covalent bonding of EA with 
the PHMB polymeric network as well cross-linking of PHMB network itself. 
However, employing a high temperature to carry out the curing reaction causes a 
loss in the whiteness of the fabrics. It is, therefore, worth investigating the 
possibility of a reduction in the curing temperature without jeopardizing the cross-
linking reaction. In view of this, the effect of curing temperature and its relation to 
the whiteness index (WI) as well as the durability of hydrophobicity were 
examined. 
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Table 6.4 Curing conditions for WI study 
 
As outlined in Table 6.4, two reaction conditions (DP2, DR3) were selected for 
coating and three curing conditions were evaluated. After synthesis, the whiteness 
index of fabrics was measured and subsequently, fabrics were washed for 10 cycles 
in order to ascertain the effect on the durability of hydrophobicity. Figure 6.13 
depicts the WI of the fabrics at the various curing conditions. It can be seen that the 
WI has decreased to a greater extent under the current curing conditions (i.e 140 
oC, 20 min) while for all other curing conditions it is in the range of ~ 80. It must 
be accepted that curing at a higher temperature will result in the loss of inherent 
whiteness of fabric due to the chemical changes that take place in the coatings on 
the fabric surface. 
 
Figure 6.13 WI of fabric treated at different curing conditions: a) DP3; b) DR5 
Finally, it can also be observed that lowering of curing temperature/time has a 
mitigating effect on whiteness in comparison to the usual curing conditions. 
Another key point is, it is important for fabrics to exhibit good durability in terms 
Samples Curing conditions 
I II III 
DP2 120 oC, 20 minutes 130 °C, 20 minutes 140 °C, 5 minutes 
DR3 120 oC, 20 minutes 130 °C, 20 minutes 140 °C, 5 minutes 
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of superhydrophobicity after lowering of curing temperature. The CA behaviour 
measured after 10 washing cycles is shown in Figure 6.14. The trend in the CA 
values in the case of DP2 fabrics shows the poor hydrophobicity for all the three 
studied conditions. Meanwhile, an interesting trend can be seen for the DR3 fabric. 
Although all the three curing conditions show poor durability, there is a discernible 
difference in the behaviour at the highest curing temperature (i.e. 140 C and 5 min). 
In that, the DR3 fabric exhibits more drop stability than that of DP2 fabric. This can 
be attributed to the higher amount of RDE available for cross-linking in DR5 fabric.  
 
Figure 6.14 CA behaviour of coated samples recorded up to 60 seconds: a) DP2; b) 
DR3 
To sum up, this exercise, though unable to offer both benefits of arresting 
whiteness drop while maintaining durable hydrophobicity, has highlighted the 
possible role for increased cross-linking in conjunction with reduced curing 
(time/temperature) conditions. Thus, there is the likelihood of less degradation of 
whiteness with the combination of the greater amount of cross-linking agent and 
lower curing temperature. 
6.6 Scaling-up trials 
In order to study the effect of one-pot synthesis on important physical 
characteristics of cotton fabrics, three sets of sub-samples DPa, DPb and DPc were 
prepared on a relatively large scale (i.e. 30 cm x 30 cm). With these fabrics, the 
important physical properties of the treated fabrics were analysed. The DP2 was 
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selected as a centre point and one level each, below and above the DP2. However, 
to avoid confusion with above samples, the following nomenclature was adopted: 
Table 6.5  Experimental design for scale-up trials 
 PHMB (%) RDE (%) EA (%) 
DPa 1 0.4 1.5 
DPb 1.5 0.6 1.5 
DPc 2 0.8 1.5 
 
6.6.1 Air permeability 
It is always aimed to carry out functional finishing of fabrics with minimum 
impairment of inherent properties of fabrics. Air permeability is one such property 
of fabrics which influences the comfort aspects of the garments as it allows the 
exchange of moisture and vapour through the micro openings offered by constituent 
yarn and fabric structures. Fabric is a porous structure consisting of inter-yarn and 
inter-fibre spaces or pores. Besides yarn and fabric construction parameters, a 
coating of finishing chemicals can also alter the openings of pores.  As depicted in 
Figure 6.15, there is no statistical difference between air permeability of treated 
and untreated fabrics. This means the coating has not caused any detrimental effect 
on the air permeability of treated fabrics.  
 




Figure 6.15 Air permeability of treated and untreated fabrics 
6.6.2 Flexural rigidity 
Flexural rigidity is a measure of the resistance of the fabric to bending by 
external forces. It has a remarkable impact on the properties such as drape, handle 
and feel of the fabric. For instance, a fabric with high flexural rigidity tends to feel 
stiff.    
 
Figure 6.16 Flexural rigidity of treated and untreated fabrics 
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Figure 6.16 shows the flexural rigidity values in warp and weft direction for 
treated and untreated fabrics. It can be seen that there is a significant increase in the 
flexural rigidity for the samples DPb and DPc in warp and weft directions. Though 
coating has not affected the blocking of fabric pores as evidenced in the air 
permeability values, the coating on individual fibres resulted in deterioration of 
suppleness of fabrics.  
 
Figure 6.17 Graphs showing various attributes of treated fabrics: a) Fabric weight 
(GSM); b) Fabric thickness; Handle ratings obtained by wool handlemeter of 
fabrics in terms of c) hard-soft feel; d) heavy-lightness feel. 
As shown in Figure 6.17, there is a marginal weight-gain in the fabric after the 
deposition of coatings, whereas the change in thickness of the fabric is not 
significant. The principle results of the wool handlemeter are shown in Figure 6.17 
c and d. It can be seen that the “hard-soft” and “heavy-light” feel of fabrics 
parameters is altered to a small extent in comparison to the untreated fabrics. 
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6.6.3 Colour change of fabrics 
Colour change of treated fabrics is a major issue in the chemical finishing of 
textiles. It is always aimed to achieve minimal change in the appearance of white 
or coloured fabrics after the finishing step. WI is one of the measures of estimating 
the change in colour of an undyed fabric.  
 
Figure 6.18 Colour change of treated fabrics expressed in terms of WI 
Figure 6.18 shows the whiteness index of untreated and treated fabrics. There 
is a statistically significant drop in the whiteness of fabric after the treatment. This 
can mainly be attributed to the use of high temperature (140 °C) for curing the 
coating. To minimize the impact on the whiteness reduction in curing temperature 
is an option; however, a high temperature seems to the requirement for opening up 
of an epoxy group and subsequent cross-linking.  
6.6.4 Abrasion resistance of fabrics 
Figure 6.19 exhibits the behaviour of CA after 200, 500 and 1000 abrasion 
cycles on Martindale tester. It can be seen that the CA has remained unaltered after 
1000 cycles. The abrasion resistance of the coating appears remarkable and there is 
scope to ascertain the coating integrity at a higher number of abrasion cycles. 




Figure 6.19 CA values of treated fabrics subjected to Martindale abrasion tester 
6.7 Conclusions 
In this work, a simple one-pot synthesis approach is suggested to design dual 
functional coating on cotton fabrics. This is the first such attempt to obtain a robust 
covalent bonding of PHMB with cotton rather than relying upon ionic linkages. 
The SEM analysis has revealed the morphological features of coatings on fabrics. 
The inclusion of PHMB and EA onto fabric surface has been confirmed by FTIR 
and XPS analyses. The modified fabrics have shown both superhydrophobicity and 
antimicrobial characteristics. The antimicrobial property was retained even after 
fifty equivalent home laundering cycles. Additionally, the DP3, DE3 and DR3 
fabrics also showed the durability of superhydrophobicity after fifty wash cycles. 
The optimization study revealed that the role of cross-linker is paramount in the 
retention of both antimicrobial and hydrophobic compounds.  
With the scaled-up trials, it was revealed that air permeability of the treated 
fabrics changed very little in comparison with the untreated fabric control. 
However, the handle of the treated fabric became stiff at higher loadings and the 
untreated fabric turns yellow substantially after the treatment. It was revealed that 
lower curing temperatures could reduce the colour change in the treated fabric, 
however hamper the laundering durability. For this reason, increasing in cross-
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linking density (i.e. increasing RDE concentration) could be an alternative which 
could be coupled with lower curing temperature.  
It is worth noting that the one-pot coating has emerged as a simple, easy to 
scale-up method in comparison to LbL assembly. Nevertheless, LbL assembly in 
itself is an attempt to explore an unconventional method for the deposition of 
PHMB as an alternative to traditional textile treatment methods. 
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Chapter 7  Methodological issues in evaluating the antimicrobial 
efficiency of antimicrobial-superhydrophobic fabrics  
7.1 Introduction  
This chapter examines the issues involved in the evaluation of the 
antimicrobial performance of dual functional fabrics by the current test standards 
and highlights the importance of modifying the protocol for obtaining consistent 
results.  
Due to the non-wetting property of the dual functional fabrics, their 
antimicrobial performance evaluation by conventional tests is challenging as 
absorption of bacterial culture is important for the onset of antimicrobial action. 
However, in the nascent stage of the research in this field, these issues have 
attracted little attention. Some commercial producers of dual functional fabrics 
either rely on existing test standards or carry out clinical trials to support their 
claims.304 It is the hydrophobic nature of the dual functional fabrics which hinders 
the straightforward adoption of existing test methods. Therefore, certain changes 
may be warranted in the protocol of the AATCC 100:2012 test method, which is 
the prevalent standard in both research field and industry. 
7.2 Experimental work 
In the present work, the suitability of the antimicrobial test with EWS series of 
fabrics (described in Chapter 5) was investigated. Four fabric samples EWS2, 
EWS6, EWS10, and EWS14 were evaluated for the antimicrobial activity by AATCC 
100:2012 test method. According to the test standard, the bacterial working solution 
should be diluted in the broth solution. However, the standard advises the use of 
0.85% saline solution for hydrophobic fabrics as a diluent in place of broth solution. 
This work explored the use of both the solutions as diluents to assess the impact on 
the antimicrobial performance.  
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7.3 Results and Discussion   
7.3.1 Broth solution as a diluent 
The superhydrophobic nature inhibits absorption of bacterial inoculum onto 
the fabric surface. To solve this issue, ethanol pre-washing was employed as a 
sterilization (the test recommends sterilization before actual antimicrobial testing) 
process. Interestingly, the surface energy of developed fabrics is lower than the 
surface tension of water but higher than that of ethanol (~22 mN/m) due to which 
ethanol can wet the fabric completely. After washing with sterile water three times 
to remove ethanol, the fabrics were soaked in sterile water to retain this temporary 
wetting state. This way, the inoculum absorption in the fabric structure was attained 
to facilitate the antimicrobial testing. Further, untreated fabrics were also wetted in 
ethanol and washed, in the same way, to confirm that complete removal of ethanol 
from fabric before antimicrobial testing.   
Figure 7.1a shows the results of the antibacterial test carried out as per the 
AATCC 100-2012 test standard. It can be seen that the antibacterial efficiency was 
exhibited by all samples except sample EWS2, however, for the samples EWS6 and 
EWS10 there is immense variation in values as shown by the large error bars. 
Equally important is the data represented in Figure 7.1b.There is an almost 3Log 
increase in the bacterial population of control fabric at the end of the test, which is 
quite natural as control fabrics don’t exercise antimicrobial action. In the case of 
treated fabrics, the bacterial growth on EWS2 fabric is more than the CTR_0h and 
hence did not show any antibacterial activity. Further, fabrics EWS6 and EWS10 
offered resistance to the bacterial growth as can be seen from the colony count; this 
trend seems to show a bacteriostatic behaviour and not bactericidal. Consistent with 
the superior antibacterial performance, the EWS14 fabric did not show any surviving 
cell at the end of the test. 




Figure 7.1 Antibacterial performance of the treated fabrics by using broth solution 
as a diluent: a) antibacterial efficiency; b) bacterial colony count recovered from 
fabrics: control fabric at “0” time (CTR 0h), control fabric after the completion of 
the test (CTR_24h), and treated fabric after the completion of the test 
 
Figure 7.2 Schematic showing possibility of retention of bacterial cells in interfibre 
and inter-yarn spaces after inoculation 
To understand the massive variation in the antibacterial efficiency, it is 
necessary to study the test protocol and analyse the cause. It is possible that the 
inherent fabric hydrophobicity caused poor uptake of the bacterial solution, as was 
noticed during inoculation where the inoculum absorption was sluggish. In such 
scenario, it is quite natural for broth solution to spread in micro-cavities offered by 
inter-yarn and inter-fibre spaces (Figure 7.2). The bacterial cells absorbed into the 
fibrous structure eventually get exposed to the antimicrobial action. However, the 
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cells that intrude into micro-cavities may escape the biocidal action. Even a minute 
number of such cells could be enough to cause exponential rise due to the presence 
of growth conditions such as nutrients (broth) and temperature (test conditions). It 
is well-known that bacteria can double in number within 20 minutes under 
favourable conditions. It is hypothesized that this phenomenon gives rise to the 
irreproducibility during the testing when broth solution is used as a diluent.  
7.3.2 Saline (0.85% sodium chloride) solution as a diluent 
In the next phase, the saline (0.85% sodium chloride) solution was selected in 
place of the broth for the dilution and the test was repeated three times. Figure 7.3 
shows the antibacterial performance of the treated fabrics evaluated after these 
modifications. All the four fabrics showed 100% antibacterial efficiency (Figure 
7.3a) and the results were reproducible with the absence of error bars. The bacterial 
count was zero because of the complete annihilation in the end (Figure 7.3b). This 
dramatic change in the antimicrobial performance is attributable to the replacement 
of broth solution with saline and thereby solving the absorption issues. Importantly, 
consistency and reproducibility of the revised test were exceptional. Two 
phenomena are playing a crucial role in the changes arising from the introduction 
of saline. Firstly, the absorption of inoculum was faster, as the saline solution has 
an equivalent viscosity as that of plain water. Now, the bacterial culture undergoes 
rapid seepage in the fibrous structure leaving little chance for adherence in the inter-
fibre spaces. Secondly, replacement of broth means the cessation of a nutrient 
source, so even if few cells escape into the interfibre spaces the chances of 
multiplying are minimal. As a result, a consistent and reproducible antibacterial 
activity was obtained by induction of saline.  




Figure 7.3 Antibacterial performance of the treated fabrics by using saline solution 
as a diluent: a) antibacterial efficiency; b) bacterial colony count after the 
completion of the test 
7.4 Suggestions for the new test methodologies 
Considering the hydrophobic nature of the dual functional fabrics, there is an 
urgent need for a test protocol tailored to the characteristics of such fabrics. 
Recently, some research reports have proposed test protocols which suit the 
evaluation of dual functional fabrics. Moreover, the protocols mimic the real-life 
scenarios which are absent in the conventional antimicrobial tests. For example, 
Hardwick and co-workers128 challenged fabrics with the bacterial culture in the 
form of an aerosol, splatter, and a direct physical contact. Each of these methods 
was adopted to mimic chances of contamination in the healthcare environment. 
Aerosol application has also been reported earlier by Klibanov and co-workers.127 
Though this application strategy appears apt for the evaluation, there are issues in 
spreading a fine mist of bacterial solution. Additionally, precise control over the 
amount of inoculum in a spray trigger and the landing of the released aerosol on 
the fabric could be challenging.146 Besides, spray inoculation necessitates the use 
of a closed chamber to confine the exposure. Not to forget, the risk of exposure to 
the testing person is also an important factor.   
To obtain a true picture of the antibacterial activity of the dual functional 
fabrics, following points are suggested for designing a new method. Firstly, finding 
a way of distributing inoculum on the surface is necessary for a view of the lack of 
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absorption. Secondly, maintaining a thorough contact between the substrate and the 
bacterial culture during the incubation period to ensure biocidal action. Based on 
these points a new protocol for an unimpaired spreading of bacterial culture on the 
fabric surface is described (Figure 7.4). A test specimen is sandwiched between 
two control fabrics; the bacterial inoculum is spread on the upper control fabric. 
With the pressure of the sterile weight, maximum contact between the bacterial 
culture and the test specimen surface is expected. The applied pressure may also 
result in seepage through the fabric pores. In such scenario, the bottom control 
fabric can absorb the inoculum and prevent its release. Whereas the inoculation 
process suggested herein is an entirely modified version, all other crucial aspects 
of the test protocol can be identical to the existing standards. 
 
Figure 7.4 Schematic of a test protocol for antibacterial evaluation of dual 
functional fabrics 
7.5 Conclusions 
The evaluation of dual functional (antimicrobial and superhydrophobic) 
fabrics is crucial as they are destined to play an important role in the infection 
prevention in healthcare environments. It was revealed that evaluation of dual 
functional fabrics with AATCC 100 test standard is challenging due to the 
hydrophobicity of the fabrics. Use of saline as a diluent in place of broth solution 
helps in obtaining reproducible results. Importantly, certain changes in the 
antibacterial test protocol are proposed for a reliable determination of the 
performance of dual functional fabrics. These changes will certainly help in the 
quest for a consistent and reliable evaluation of the antibacterial efficiency of the 
dual functional fabrics.
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Chapter 8 Conclusions and Future work 
This chapter elaborates on prominent findings of the thesis work, the 
limitations of the work and scope of future work. The Chapter contains a summary 
that explains the background of the area and the importance of the current work. 
Subsequently, the conclusions derived from the work and the possibilities for future 
work have been discussed.  
8.1 Summary  
The literature review has taken a comprehensive view of antimicrobial textile 
applications, and some prospective areas relevant in near future have been 
discussed. In the light of environmental hazards and health concerns, the current 
antimicrobial technologies were scrutinised and their shortcomings were 
summarised. Accordingly, PHMB has emerged as an eco-friendly agent with no 
toxicity concerns to the user. The litearture review identified the benefits of 
antimicrobial textiles in the healthcare sector. Furthermore, the literature review 
also outlines the future potential of the dual functional fabrics. Importantly, the 
literature review identified the untapped potential of superhydrophobic fabrics for 
the inhibition of bacterial attachment, which so far has been neglected by 
researchers in the pursuit of obtaining a “self-cleaning” surface. 
 Whereas PHMB has been established as an antimicrobial agent for cotton in 
past two decades, there have been no efforts to anchor it to cotton substrates other 
than conventional ionic linkages. It was decided to explore novel strategies for the 
inclusion of PHMB onto cotton substrates; therefore LbL assembly was explored 
as an alternative technique. (Chapter 4 and Chapter 5). Further, for 
superhydrophobic surfaces, there is a concern around the use of fluorocarbons, as 
they are toxic, persistent in the environment, and bioaccumulate in the food 
chain.305 In this work, the feasibility of employing EA as a fluorine-free 
hydrophobic compound was successfully demonstrated. In the next phase (Chapter 
6), a novel coating process was developed to obtain the deposition of PHMB and 
EA in a single step. While working on the development of dual functional coatings, 
the shortcomings in the existing test standards were highlighted and suggestions 
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(Chapter 7) were put forward towards developing an accurate method for the 
evaluation of dual functional fabrics.  
8.2 Conclusions      
In Chapter 4, two sets of fabrics were prepared via LbL assembly by sequential 
deposition of PHMB and PAA layers. In the first set, a silica layer was maintained 
as the uppermost layer; while in the second set, a PHMB layer was maintained as 
the uppermost layer. The subsequent deposition of trimethoxyoctadecylsilane as a 
hydrophobic agent offered excellent superhydrophobicity to the treated fabrics. It 
was revealed that the deposition of a silica NPs layer as an uppermost layer in the 
LbL assembly played no role in raising the superhydrophobicity and on the negative 
side, it affected the antimicrobial action. With silica NPs as the uppermost layer, 
antibacterial efficiency was found to be inconsistent which could be attributed to 
the adherence of cells onto the silica nanoparticles, thus evading the direct contact 
with the PHMB layers. This theory was corroborated by the superior antibacterial 
efficiency of fabrics with PHMB as an uppermost layer. Both groups of fabrics  
retained antimicrobial functionality after twenty-five equivalent laundering cycles; 
however, the fabrics turned hydrophilic after the washing cycles, signalling poor 
anchorage of alkyl silane which also has been evidenced in few literature reports.249  
One of the important findings of this study is that the termination of LbL film by 
the antimicrobial agent is essential; in other words, it is necessary to have PHMB 
as the uppermost layer in the LbL deposition.  
Chapter 5 describes the work focussed on attainment of durable 
superhydrophobicity in addition to antimicrobial activity. Here, a new LbL 
architecture was modelled by exploring the negative surface charge of silica NPs 
to build a multilayer assembly of silica NPs, PHMB and PAA. Following the LbL 
assembly, a combination of epoxyalkane and an epoxy cross-linker was deposited. 
It was envisioned that the amine-epoxy linkage would lead to the anchoring of 
epoxyalkane to the PHMB layers and in turn to the LbL assembly. This hypothesis 
was confirmed by the outstanding antibacterial activity and superhydrophobicity 
after fifty equivalent laundering cycles. More importantly, the treated fabrics 
showed a significant reduction in bacterial attachment, confirming the ability to 
prevent the biofilm formation. 
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Chapter 6 describes the work pertaining to a simple one-pot synthesis of the 
dual functional fabric in place of LbL methodology which yielded fruitful 
outcomes; yet, there is less likelihood of its acceptance for industrial production 
due to the obvious scaling-up issues. The one-pot synthesis described in this chapter 
is a novel attempt to obtain a robust anchoring of PHMB and epoxyalkane to cotton 
substrate originating from a single bath. The treated fabrics have shown excellent 
superhydrophobicity and antimicrobial characteristics. The dual functional nature 
of fabrics was intact even after fifty equivalent home laundering cycles. In addition, 
the semi-bulk scale trials highlighted the effect of coatings on important fabric 
properties. Overall, the one-pot synthesis has opened up new avenues in designing 
healthcare textiles that resonate well with the industrial manufacturers. 
Chapter 7 highlights the work resulted from the exploration of a suitable 
antimicrobial test for dual functional fabrics. Whereas dual functional coating on 
textiles is becoming a topic of hot pursuit, little emphasis has been given to the 
protocol to address the issue of inoculation on a hydrophobic substrate. In this 
chapter, the discussion was centred on the evaluation of dual functional fabric by 
conventional method (such as AATCC 100). The potential changes in the test 
protocol were suggested which will be helpful in designing a protocol tailored for 
the dual functional fabrics.   
8.3 Future work 
This thesis encompasses a systematic investigation of obtaining cotton fabrics 
with durable dual functionality. Some of the prime concerns around existing 
antimicrobial agents and hydrophobic compounds have been addressed. In essence, 
this work has raised the vexed issues of antimicrobial testing, a vital aspect 
neglected by both academic and industrial experts working on the concept of dual 
functional fabrics. Though the work has achieved the stated objectives and resolved 
the research questions to a great extent, certain areas need further investigations. 
To this end, future research is warranted in the coating characterization, 
understanding the nature of biocidal action and strengthening of coating durability. 
Each of these areas is discussed below: 
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8.3.1 Coating characterization 
 The analysis of LbL assembled structure by ellipsometry performed in the 
thesis is elementary and can be expanded to gain more insight into the thickness 
build-up of films. This is critical in view of acceptance of functional fabrics both 
on the basis of performance and subjective factors such as colour, feel and handle 
of the fabrics.306 The lower levels of coating amount will ensure less impairment of 
these properties.   
The characterization of coatings by Nuclear Magnetic Resonance (NMR) 
technique could be of great value particularly to understand the reaction 
mechanism. It will also offer vital information on the structure of the compounds 
and their interaction with the cellulose macromolecules. 
 In addition, elemental mapping by X-ray Dispersive spectroscopy (EDX) 
could shed light on the PHMB distribution on fabric surface which is important in 
the context of achieving superior biocidal action. It can be recalled that the XPS 
analysis of LbL assembly has shown significant masking of nitrogen peak in EWS 
series after the epoxyalkane deposition. In such scenario, the EDX-elemental 
mapping could offer a pictorial distribution of nitrogen (and PHMB thereof).       
Considering the importance of roughness in the generation of 
superhydrophobicity, it is worthwhile to analyse the coatings by Atomic Force 
Microscopy (AFM) to obtain a quantitative measure of the nano-scale roughness 
contributed by the coatings.  
8.3.2 Biocidal action 
In this work, antibacterial efficiency was evaluated by using Escherechia coli 
(E.coli) as a test organism. It is also important to establish the antimicrobial 
performance against other relevant Gram-negative (Klebsiella pneumoniae, 
Pseudonomas aeruginosa etc.) as well as Gram-positive (Staphylococcus aureus, 
Methicilin-resistant Staphylococcus aureus etc.) organisms.  
As pointed out in Chapter 7, there remains a need for an ideal antimicrobial 
efficiency test which is not only suitable for dual functional fabrics but also mimics 
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the real-life scenario. Accordingly, a new protocol has been suggested as a first step 
in the direction of new protocol. In addition, other aspects of inoculation such as 
physical contact, splatter, and aerosol are required to be explored. 
8.3.3 Enhancing durability 
In addition to epoxyalkane, certain other hydrophobic compounds could be 
explored. Accordingly, compounds containing long-chain hydrocarbons such as 
alkyl amines, alkyl phosphonic acids, are worth exploring as an alternative to 
expoxyalkanes.  
The current work explored suitability of a bi-epoxy cross-linker towards 
obtaining durable coatings. In addition, other epoxy compounds such as tri-epoxy 
and tetraepoxy crosslinkers can also be investigated. Figure 8.1 shows the chemical 
structures of tri-epoxy and tetra-epoxy compounds containing three and four epoxy 
groups. The additional epoxy groups would mean enhanced opportunities for the 
networking which could ultimately lead to durable coatings.   
 
 
Figure 8.1 Triepoxy and tetraepoxy crosslinkers: a) N,N-Diglycidyl-4-
glyxyaniline; b) 4,4′-Methylenebis(N,N-diglycidylaniline) 
It is worth pointing out here that results of the wash durability tests at 
laboratory scale may differ from actual washing machine launderings. Hence, it is 
important to correlate the findings of the lab scale durability studies with real-life 
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